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ABSTRACT 
The addition of small amounts of nanoparticles can alter hydration and microstructure evolution 
of cement-based materials. The present study aimed at investigating the effects of nanoparticles 
on the properties of cement-based materials. The nanomaterials studied include nano-limestone, 
nano-silica, and nano-clay particles, and the cementitious materials studied are combinations of 
ordinary Portland cement (OPC), fly ash (FA) and metakaolin (MK). 
Isothermal calorimetry and chemical shrinkage measurements were performed to follow the 
kinetics of hydration. Set times of the pastes were measured according to ASTM C191. 
Rheological behavior of cement pastes was characterized using a rotational rheometer. 
Thermogravimetric analysis (TGA), X-ray diffraction (XRD), and Nitrogen adsorption (NAD) 
were conducted to analyze the microstructural characteristics of the studied cement pastes. 
Stepwise drying-shrinkage tests were performed on thin disc paste samples (with a diameter of 25 
mm and thickness of 0.80 mm). The disc samples were dried from the saturated condition (100% 
RH) to 30% RH and then re-saturated to 100% RH. Properties of fresh concrete mixtures, such as 
air content, slump flow, and J-ring flow, were tested. Properties of hardened concretes, including 
compressive strength, rapid chloride permeability, freezing-thawing resistance, and free drying 
shrinkage, were examined. 
The experimental results indicate that the addition of nanoparticles, regardless the types, 
accelerated cement early hydration (the first 24 h), i.e., the maximum heat flow increased while 
the time to reach silicate and aluminate reaction peaks decreased, and reduced initial and final set 
times of cement pastes.  
Addition of these nanomaterials generally increased yield stress and viscosity of the cement 
paste, especially after 60 min when cement hydration began to accelerate. Nano-clay greatly 
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affected the rheological behavior of cement pastes. Significantly higher shear stresses were 
required to initiate the flow. 
Thermogravimetric analysis (TGA) results indicate the continuous hydration enhancing effects 
of nanomaterials up to 28 days. When 1% nanomaterials were added to the cement or cement-fly 
ash paste, the amounts of both calcium hydroxide and total chemically bound water contents 
increased at 3 days, indicating that the nanomaterials accelerated cement hydration. At 7 and 28 
days, nanomaterial addition increased the amount of total chemically bound water content while 
tended to decrease the calcium hydroxide content, suggesting that calcium hydroxide reacted to 
formed hydration product. The reaction of calcium hydroxide to form C-S-H when nano-silica was 
added was more profound in the cement-fly ash pastes. XRD and TGA results indicated that a new 
hydration product, calcium hemicarboaluminate hydrate (Hc), was formed in the nano-limestone 
modified cement and cement-fly ash pastes. For the cement pastes, nanomaterial addition 
increased chemical shrinkage values, which confirmed the hydration acceleration effects of the 
nanomaterials. However, for the cement-fly ash blended paste, only nano-silica addition increased 
chemical shrinkage of the paste at all ages tested. At 28 days, the nano-limestone and nano-clay 
additions actually reduced chemical shrinkage value of the paste. This may imply that in these 
pastes, the permeation of water was inhibited, suggesting more research on the permeability and 
transport properties. 
Regardless the types of nanomaterials, 1% nanomaterial addition improve the compressive 
strength of both cement and cement-fly ash pastes at all ages studied (up to 28 days). Among three 
nanomaterials studied, NS appeared to be the most effective one in the strength development, 
possibly due to its smallest particle size and highest reactivity. 
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The results indicate that additions of the nanomaterials increased the specific surface area and 
the amount of gel pores (2-10 nm) in the early age (7 days) cement pastes. At 28 days, the addition 
of nano-silica continued to increase the specific surface area and the volume of gel pores, 
especially in the fly ash blended paste. However, the addition of nano-limestone reduced the 
specific surface area and the total amount of pores (2-100 nm) at 28 days, especially in the Portland 
cement paste. An additional signature pore peak located around 18 nm was observed in the nano-
silica modified and 28-days fly ash blended pastes. The addition of nano-silica generally increased 
the total shrinkage of cement pastes. However, the addition of nano-limestone sometimes reduced 
drying shrinkage, especially for the later age cement pastes. The shrinkage in each relative 
humidity range was found to be dependent on the volume of pores evaporate in the corresponding 
RH range and the resistance of the paste to deformation, especially at 7 days. Nanomaterial 
additions and extended curing increased reversible drying shrinkage, which suggests that the 
volume of gel (2-10 nm) pores appeared more closely related to reversible shrinkages. The 7-day 
OPCFA pastes were more prone to irreversible drying shrinkage, especially with the addition of 
nanomaterials. 
Nano-limestone was applied to modify the fresh and hardened properties of self-consolidating 
concrete (SCC) and semi-flowable self-consolidating concrete (SFSCC). The results indicated that 
the addition nano-limestone further increased concrete strength and freezing-thawing resistance 
and reduced concrete permeability. 
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CHAPTER 1. GENERAL INTRODUCTION  
1.1 Background 
The development of modern cement and concrete industry calls for the improvement of the 
durability. Many approaches have been investigated to improve the durability properties of 
concrete, with a focus on modification of the paste binder.  
Nanotechnology has been increasingly brought into the study of cement and concrete in the 
recent years, and it is driving concrete research into a new era. Various nanomaterials (including 
nanosized powders, tubes, and fibers) have been developed and incorporated into cement-based 
materials. Much of the work to date has been with nano-silica (nano-SiO2) and nano-titanium oxide 
(nano-TiO2) [1-10]; there are increasing studies on applying nano-limestone (nano-CaCO3), nano-
clay, nano-iron (nano-Fe2O3), nano-carbon, and nano-alumina (nano-Al2O3) [2, 6, 11-22]. 
Research has demonstrated that well-dispersed nanomaterials can accelerate cement hydration, 
further refine micro-pores in concrete, and modify the internal structure of C–S–H gel (such as 
increasing length of the silicate chains), thus significantly reducing concrete permeability and 
improving concrete mechanical properties and durability [2, 23]. However, one shortcoming of 
nanomaterials modified cement-based materials is that the nanomaterial can adversely affect the 
workability due to the high specific surface area.  
The modern drive for more sustainable concrete stimulates the increasing use of supplementary 
cementitious materials (SCMs) such as fly ash (FA) from power plants or metakaolin (MK). The 
use of SCMs to partially substitute Portland cement (PC) significantly reduces the carbon footprint 
of cementitious materials and allows the utilization of waste products. Because of its small, 
smooth, and spherical shape, FA introduces the advantage of increasing the workability of 
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cementitious materials. However, delayed set and slow early hydration and early strength 
development often limit the use of FA to a low replacement level for structural use [24-28].  
Ternary cement-based systems which incorporate PC, SCM, and nano-material have great 
potential because the deficiencies of each material could be compensated for by advantages of one 
or more of the others, and in-common advantages of these three materials will be further enhanced.  
However, the blending of PC, SCM, and nano-material leads to a more complicated system 
where the hydration of the PC and hydraulic reaction of the SCM occur simultaneously, 
influencing the reactivity of each other, and are both influenced by the presence of nanoparticles. 
Therefore, it is critical that an engineering/scientific basis be established for concrete technology 
moving toward these more complex mix designs. This work is aimed to enrich this basis by 
characterizing the nano-material modified cement-based materials with respect to their kinetics, 
microstructure, and properties. 
1.2 Objective of dissertation 
This dissertation focused on effects of nanomaterials on the hydration and properties of cement-
based systems containing supplementary cementitious materials. The long-term goal is to obtain a 
better understanding of the mechanisms of the interactions in a PC – SCM - nanomaterial system 
and to gain an insight into processing - microstructure - property relationships of such systems.  
The main points that this work aims to clarify are: 
1. How do the nanoparticles affect the hydration kinetics and rheological behavior of 
cement paste? 
2. How are the hydration and strength development of blended cements modified by 
nanoparticles? 
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3. How is the pore structure of cement paste modified by nanoparticles and SCMs, and 
how is the drying shrinkage of cement paste influenced by the pore structure? 
4. What are the effects of nano-limestone on the fresh and hardened properties of portland 
concretes containing high volume SCMs? 
1.3 Dissertation organization 
This dissertation is divided into seven chapters. Four papers will be included and each 
paper will appear as a separate chapter.   
Chapter 1 gives a general introduction to this dissertation and includes background, 
research objectives, and dissertation organization.  
Chapter 2 contains a literature review on the application of nano-materials in cement based 
systems, and the physical and chemical effects of nano-materials addition on the hydration and 
properties of cement-based materials.  
The body of this dissertation is comprised of a series of journal papers. In Chapter 3, the 
effect of nanomaterials on the early hydration kinetics and rheological behavior of portland cement 
pastes will be discussed. The early hydration accelerating effects of nanomaterials will be 
illustrated, and it is examined in Chapter 4 how these nanomaterials affect the hydration and 
strength development of blended fly ash cement pastes through both physically and chemically. In 
chapter 5, the effects of nanomaterials, fly ash, and metakaolin on the pore structure and drying 
shrinkage of cement pastes will be examined. In chapter 6, nano-limestone is utilized to produce 
self-consolidating concrete (SCC) and its effects on the properties of SCC is studied.  
Finally, chapter 7 provides a summary of this research, overall conclusions and 
recommendations for further research. 
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CHAPTER 2. LITERATURE REVIEW 
Nanoparticles are defined as particles with lengths ranging from 1 to 100 nanometers in two or 
three dimensions [1]. Nanoparticles have a high surface area to volume ratio (Figure 2.1), 
providing the potential for tremendous chemical reactivity.  
This chapter summarizes a review of the effects of the addition of nanoparticles to cementitious 
systems, beginning with the basics of portland cement and supplementary cementitious materials 
and proceeding through the following subjects in order: early hydration kinetics, rheological 
behavior, methods to follow cement hydration after one day, microstructure, mechanical 
properties, and durability. Besides, a review of the dispersion of nanoparticles in aqueous 
suspension is also included.   
2.1 Portland cement  
Portland cement is a commonly used binder material to form the heterogenous mortar or 
concrete matrix. It is basically made by heating a mixture of limestone and clay, or other materials 
of similar bulk composition and sufficient reactivity, ultimately to a temperature of about 1450 ˚C. 
Partial fusion occurs, and nodules of clinker are produced. The clinker typically has a composition 
in the region of 67% CaO, 22% SiO2, 5% Al2O3, 3% Fe2O3 and 3% other components, and 
normally contains four major phases, called alite, belite, aluminate, and ferrite [2]. Several other 
phases, such as alkali sulfates and calcium oxide, are normally present in minor amounts.  
Alite is the most important constituent of all normal portland cement clinkers, of which it 
constitutes 50-70%. It is tricalcium silicate (Ca3SiO5) modified in composition and crystal 
structure by ionic substitutions [2]. It reacts relatively quickly with water, and in normal portland 
cements is the most important of the constituent phases for strength development; at ages up to 28 
days, it is by far the most important.  
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Belite constitutes 15-30% of normal portland cement clinkers. It is dicalcium silicate (Ca2SiO4) 
modified by ionic substitutions and normally present wholly or largely as the β polymorph. It reacts 
slowly with water, thus contributing little to the strength during the first 28 days, but substantially 
to the further increase in strength that occurs at later ages. By one year, the strengths obtainable 
from pure alite and pure belite are about the same under comparable conditions.  
Aluminate constitutes 5-10% of most normal portland cement clinkers. It is tricalcium 
aluminate (Ca3Al2O6), substantially modified in composition and sometimes also in crystal 
structure by ionic substitutions. It reacts rapidly with water, and can cause considerably rapid 
setting unless a set-controlling agent, usually gypsum, is added.  
Ferrite makes up 5-15% of normal portland cement clinkers. It is tetracalcium aluminoferrite 
(Ca2AlFeO5), substantially modified in composition by variation in Al/Fe ratio and ionic 
substitutions. The rate at which it reacts with water appears to be somewhat variable, perhaps due 
to differences in composition or other characteristics, but in general is high initially and low or 
very low at later ages.  
Hardening results from reactions between the major phases and water. Gypsum is usually added 
to the clinker to control the setting process. The ASTM has designated five types of portland 
cement, designated Types I-V. Physically and chemically, these cement types differ primarily in 
their content of C3A and in their fineness. In terms of performance, they differ primarily in the rate 
of early hydration and in their ability to resist sulfate attack. The physical properties and chemical 
composition of a general purpose Type I cement are shown in Table 2.1. Its particle size 
distribution is shown in Figure 2.2. Figure 2.3 shows the morphology of the cement. The small 
particles on the surface observed in Figure 2.3 are the result of the grinding process. Many of these 
particles disappeared after the initial hydration. 
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2.2 Supplementary cementitious materials 
Since the development of portland cement over 175 years ago, it has become the dominant 
binder used in concrete for construction. Annual worldwide Portland cement production is 
approaching 3 Gt [3]. However, the environmental issue it brings is imminent. The manufacturing 
of portland cement consumes nearly 2-3 percent of global primary energy use and produces large 
amounts of carbon dioxide (approximately 1 ton per ton of clinker) [4]. The cement industry is 
under pressure to reduce both energy use and greenhouse gas emissions. 
The most realistic solution is to use blended cement where cement is partially replaced with 
more sustainable materials. These alternatives must also develop adequate cementitious properties 
to maintain the mechanical properties of the cement-based materials, and are therefore called 
supplementary cementitious materials (SCMs). The chemistry of SCMs is generally characterized 
by lower calcium content than portland cement (Figure 2.4). Fly ash and metakaolin are studied in 
this work; they in themselves possess little or no reactivity in direct contact with water but can 
pozzolanically react with the CH released from cement hydration, forming hydration products and 
contributing to the strength development.  
The use of fly ash as a SCM not only leads to a significant reduction in CO2 emissions but also 
serves as a means to utilize by-products of industrial manufacturing processes. Fly ash is the 
residue produced by the burning of coal in power plants. Coal is pulverized in fine particles and 
burnt in a boiler. During the combustion, heat and a molten residue are generated. Heat is extracted 
on one side and the flue gas is cooled down. The residue hardens in spherical glassy particles. The 
lighter particles are collected and are the “fly ash”. It is a heterogeneous material mainly 
amorphous and containing small amount of crystalline phase. The crystalline phases are quartz, 
mullite, hematite, melilite or others. The characterization of the amorphous content is more 
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delicate but can be seen as an alumina-silica glass containing modifiers elements (Ca, Na, K, Mg, 
and Fe). The amount of CaO is limited but highly variable depending on the origin of the fly ash; 
the ASTM C618 standard differentiates high calcium Class C-fly ashes and low-calcium Class F 
fly ashes (Figure 2.4). Low-calcium Class F fly ash is studied here since it is the most abundant. 
The physical properties and chemical composition of a Class F fly ash are shown in Table 2.1. 
Figure 2.5 shows the morphology of the fly ash. By their spherical geometry, the fly-ash particles 
can act as “ball-bearing” to better the rheological properties of fresh pastes. The pozzolanic 
reaction of fly ash particles is much slower compared to cement grains and these particles continue 
to react with pore solution and cement hydrates for years after the hardening of pastes [2, 5, 6]. 
Accordingly, the microstructure of hardened cement pastes evolves substantially with the 
continuous formation of pozzolanic reaction products, C–S–H gel in cement chemistry terms, in 
the pore space enclosed by cement hydrates. 
Metakaolin (MK) is manufactured from kaolinite ([Al2Si2O5(OH)4]), one of the most abundant 
natural clay minerals, by calcination at moderate temperatures (500-800 °C). This thermal 
treatment results in de-hydroxylation of the aluminate octahedral in the kaolinite layered structure, 
forming an amorphous or semi-amorphous material with a high specific surface area and chemical 
reactivity [7, 8]. Using metakaolin as a partial substitute for portland cement in concrete has been 
shown to increase long-term strength and durability compared with portland cement alone and 
reduce the quantity of cement required, thereby lowering concrete carbon dioxide footprint 
associated with cement manufacturing [9-11]. The physical properties and chemical composition 
of a metakaolin are shown in Table 2.1. Figure 2.6 shows the morphology of a metakaolin. 
Although it requires a higher quantity of water for given flowability, MK increases viscosity, yield 
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stress, and thixotrophy of concrete mixes, improving concrete shape-holding ability and finishing 
ability [7, 12].  
2.3 Early hydration kinetics (first 24 h) 
Hydration of cement is the combination of all chemical and physical processes taking place 
after contact of the anhydrous solid with water. The main reactions with cement notations are: 
yC3S + H2O → (3y-x) CH + Cx-Sy-H                                                                 2.1 
yC2S + H2O → (2y-x) CH + Cx-Sy-H                                                                 2.2 
C3A + 3 C$H2 + 26 H2O → C6A$H32                                                                2.3 
Most of these reactions are exothermic: the overall heat released can be thus recorded with a 
calorimetric device. A typical calorimetry curve of a modern portland cement is shown in Figure 
2.7. The main reactions of hydration occur within the first 24 hours although the hydration will 
continue until exhaustion of reactants (> 1 year).  
When discussing kinetic mechanisms, the hydration process is often divided into four periods 
indicated in the above calorimetry plot of hydration rate versus time: (1) initial reaction period of 
rapid heat generation (~ first few minutes), (2) period of slow reaction, (3) acceleration period, and 
(4) deceleration period [13]. The beginning and ending of these stages are still difficult to pinpoint 
precisely, but they provide a more accurate picture of the current state of knowledge.  
2.3.1 Acceleration period 
One of the most important periods is the so-called “acceleration period” which corresponds to 
period 3 in Figure 2.7 because high amounts of hydrates are formed during this period.  
The main peak in the calorimetry curve is mainly attributed to the silicate reaction. The calcium 
silicate hydrate (C-S-H) is the main hydrate along with CH in hydrated cement paste. It forms 
connections between the cement grains leading to the setting and the strength development of the 
paste. C-S-H does not have a well-defined composition because of its amorphous structure. 
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Besides its composition, the morphology of the C-S-H gel is also changing during the hydration 
process.  
C-S-H clusters are forming rapidly on the surface grains after the contact with water. In few 
hours, the clusters of C-S-H grow in number and size to become fibrillar clumps which form sea-
anemone like structures (Figure 2.8). The shape observed with SEM is reported as fibrillar and 
several terms have been used in the past to describe it: type I from Diamond or needles radiating 
form grains [2].  
The nucleation and growth process of C-S-H is now well supported as the rate controlling 
mechanism of the acceleration period [13-15]. Recent advances in both experiments and 
simulations [16] have brought new evidences to support this interpretation. 
2.3.2 Second aluminate reaction during the deceleration period  
During the deceleration period two main reactions overlap: the silicate reaction and the second 
aluminate dissolution. A small peak is visibly at about 16 hours from Figure 2.7 which corresponds 
to the second dissolution of the aluminate phase. XRD measurements indicates that the C3A phase 
starts to dissolve right at the beginning of the contact with water and then stops for a certain period 
before restarting at the time of this small peak.  
Several theories have been suggested to explain the retardation of the C3A dissolution. The first 
hypothesis was that the C3A is surrounded by a protective membrane, usually reported as ettringite 
[2, 15]. Many works have disproved this theory and suggested that the adsorption of sulfate on 
C3A is rather the retardation mechanism [13, 15]. It is still not clear where the sulfate is adsorbed, 
probably on coordination sites which would be occupied by H or OH group in absence of sulfate 
[15]. 
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The dosage of sulfate in the OPC is very important in practice. There is an optimum of sulfate 
with respect to the compressive strength which changes with the age of testing. Addition of gypsum 
beyond the optimum will also lead to a decrease in the strength at early ages, because the second 
aluminate reaction is delayed and the hydrates formed from this are not contributing to the strength 
[2, 13]. It is important that the aluminate reaction occurs during the deceleration period to 
contribute to the strength development by one day. 
2.3.3 Effect of supplementary cementitious materials 
In blended cements there is generally negligible reaction of the SCM in the first day or so [2, 
15]. Nevertheless, the reaction of cement clinker is enhanced by SCM due to its physical presence; 
this is the so called filler effect and can be attributed to two main factors. First, when SCM grains 
substitute clinker grains, there is relatively more space available for the hydrates of the clinker 
phases to form in. Secondly, the surface of the SCM grains act as sites for the heterogeneous 
precipitation and growth of hydrates. 
2.3.4 Effect of nanoparticles 
The presence of nanoparticles in the cement system changes the hydration process from the 
beginning of hydration.  
Research has demonstrated that the addition of chemically inert nanoparticle, such as TiO2, 
accelerates the early hydration by providing additional nucleation sites; higher rate peaks and 
higher total heat of hydration were observed [17].  
The conduction calorimetry results indicated that 10% nano-CaCO3 replacement accelerated 
the hydration of C3S and portand cement pastes; furthermore, the induction period of the C3S 
hydration was significantly shortened (Figure 2.9). The formation of small ﬁbrous C-S-H products 
around the nano-CaCO3 particles was observed through scanning electron microscopy (SEM) [18]. 
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Additionally, it was suggested that calcium carbonate can contribute CO3
2- anions to the pore 
solution, which can subsequently be incorporated within the C-S-H gel. OH- anions released from 
C-S-H to preserve charge neutrality would elevate the pH and hence the driving force for 
continuing hydrate growth [19]. 
The hydration-accelerating effect of nano-silica (Figure 2.10) is generally attributed to the 
nucleation seeding effect provided by C-S-H particles that formed on the nano-silica surface [20, 
21]. These C-S-H particles were formed from the early pozzolanic reaction of nano-silica with 
calcium ions released by the dissolving cement; they spread in the capillary pore space between 
cement or C3S particles and serve as seeds for the formation of more compact C-S-H phase.  
Directly adding synthesized C-S-H seeds to portland cement and pure C3S can cause a significant 
acceleration of the early hydration kinetics and even eliminate the induction period (Figure 2.11).  
29Si MAS NMR spectra demonstrated that the addition of micro- or nano-sized layer silicates 
to portland cements accelerated the cement hydration by increasing the degrees of hydration for 
both alite and belite [22].  
2.4 Rheological behavior  
Cement pastes set during the acceleration period, during which hydration products that form on 
the surfaces of clinker particles intersect, leading to the formation of clusters that eventually join 
into a continuous elastic network [23]. 
2.4.1 Bingham equation 
In the period before setting, the fluid properties of cement pastes dominate. The rheology of 
cement-based materials is a quantitative property that describes the fluids’ deformation and flow 
[24]. The rheological behavior of a fluid such as cement paste, mortar, or concrete is often 
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characterized by two parameters: yield stress τ0 and plastic viscosity μ, as defined by the Bingham 
equation:  
τ = τ0 + uɤ                                                                                                         2.4 
where τ is the shear stress applied to the material (in Pa), τ0 is the yield stress (in Pa), μ is the 
plastic viscosity (in Pa⋅s), and ɤ is the shear strain rate (also called the strain gradient) (in s–1). 
Unlike in the Newtonian model, cement paste has a yield stress that reflects the minimum stress 
needed to initiate a flow. The plastic viscosity measures the resistance of cement paste against 
increase in speed of movement [24, 25].  
2.4.2 Key parameters 
Key parameters influencing the rheology of cement pastes include: particle size distribution, 
volume fraction of particles, colloidal forces (van der Waals forces, electrostatic forces, etc.), 
hydrodynamic effects, and hydration progress [26, 27].  
Before the acceleration period of cement hydration, cement paste rheology is primarily 
controlled by attractive-particle interactions. The replacement of cement by fly ash generally 
decreases the yield stress and viscosity [28, 29]. When water content is kept constant, the addition 
of nanomaterials can adversely affect the flowability of cement pastes and increase the yield stress: 
(1) the high surface area of nanoparticles to be wet and their tendency to agglomerate may decrease 
the amount of free water; and (2) nanoparticles can fill the gaps between cement particles and 
increase the connectivity of the network structure [6, 30]. On the other hand, the addition of 
nanoparticles in cement pastes can theoretically increase particle-packing density, decrease the 
void ratio of solid particles, and increase the amount of free water for lubrication [6, 31]. Thus, the 
plastic viscosity could increase or decrease depending on these competing effects. Research has 
shown that the addition of nano-silica in cement pastes usually increased water demand and the 
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yield stress and viscosity [21]. Small additions of clay have been shown to increase the floc size, 
flocculation strength, and shear-yield stress of cement pastes [30, 32, 33]. 
2.5 Methods to follow cement hydration after one day 
Cement hydration beyond one day, especially the period 1-28 days is of great practical 
importance, as 75% of the design strength may develop during this period.  
The general hydration kinetics of cement is often represented by the rate of change of the overall 
degree of hydration α, which is defined as the total weight fraction of cement reacted. As a 
composite material consisting mainly of four compounds, or clinker phases (C3S, C2S, C3A, and 
C4AF), the overall degree of hydration of cement is typically written as [34]: 
α (t) = f
C3S
 α
C3S
(t) + f
C2S
 α
C2S
(t) + f
C3A
 α
C3A
(t) + f
C4AF
 α
C4AF
(t)                    2.5 
where fi is the original weight fraction of phase i in the anhydrous cement and αi(t) is the degree 
of hydration of phase i at time t. The direct determination of αi(t) may be performed by means of, 
for example, optical microscopy or quantitative X-ray diffraction analysis (QXDA) [34] by 
measuring the fraction of unreacted phase i, , though it is difficult to obtain accurate results.  
Some properties of a hydrating cement paste, such as the non-evaporable water content, the 
cumulative heat evolution, and the total chemical shrinkage have been shown to have 
approximately linear relationships with the overall degree of hydration [2, 34, 35]. As a matter of 
fact, α is more easily and commonly determined indirectly by tracking the time dependence of one 
or more of these properties: 
α (t) = 
𝑾𝒏 (𝒕)
𝑾𝒏
𝟎  = 
𝑯(𝒕)
𝑯𝟎
 = 
𝑪𝑺 (𝒕)
𝑪𝑺𝟎
                                                                           2.6 
where 𝑾𝒏 (𝒕) and 𝑾𝒏
𝟎  are the non-evaporable water content at time t and at complete hydration, 
respectively (typically in g/g cement); 𝑯(𝒕) and 𝑯𝟎 are the cumulative heat evolution at time t and 
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at complete hydration, respectively (typically in J/g cement); and 𝑪𝑺 (𝒕) and 𝑪𝑺𝟎 are the total 
chemical shrinkage at time t and at complete hydration, respectively (typically in mL/g cement).  
2.5.1 Sample preparation 
Reliable analytics is impossible when the sample preparation is inappropriate. Before 
discussing the above mentioned methods for following cement hydration, this section gives general 
information related to sampling, grinding, and storage of anhydrous powder materials and 
preparation and curing of pastes as well as stoppage of hydration, focusing on the experimental 
work done in this dissertation. 
2.5.1.1 Storage of anhydrate powder materials  
One should start the experiments already from a sample as fresh as possible; besides, when 
using a cementitious material within a research project, usually it is not desired to change the batch 
of the material, as the results might not be comparable and the characterization of chemical-
mineralogical and physical properties needs to be repeated for the new batch of material, creating 
extra work. However, a comprehensive study completing the dissertation research may take two 
years or more; therefore, it is important to store the powder materials properly. It is preferable to 
fill the powder material in barrels or buckets, which can be closed watertight and water vapor tight, 
and to store them in a room with low relative humidity.  
Three nanomaterials, nano-limestone, nano-silica, and nano-clay are used in this study. They 
are stored in air-tight dark containers, which themselves are stored in an air-tight container with 
silica gel as the drier.  
2.5.1.2 Sampling  
Before using powders for, e.g. chemical-mineralogical analysis of particle properties, or before 
preparing samples of cementitious pastes, generally, representative samples need to be taken out 
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of a bigger quantity of granular material. To achieve this, the ‘golden rules of sampling’ [36] 
should be applied, namely, (1) powder should be sampled while in motion and (2) several small 
samples should be taken at different intervals or at different positions rather than taking one larger 
sample. The different samples can be homogenized afterwards to obtain a single sample.  
Luckily, cement and similar materials, such as fly ash, are fine powders and the very high 
number of particles already in a few grams of the material (e.g. 1 g of ‘monosized’ cement with a 
particle size of 5 um and a density of 3.15 g/cm3 contains 2.5 * 109 particles) helps greatly to 
reduce sampling errors. Thus, it is generally sufficient and frequently done in the case of finely 
powdered cementitious materials to sample using the scoop method. The cement is mixed in the 
bucket by using a spatula, and then a sample is taken from the middle.  
2.5.1.3 Preparing a cement paste sample  
Generally, when producing a paste sample, the different raw powder materials (cement, fly ash, 
etc.) are blended first to achieve a homogeneous mix, which is later mixed with water to form a 
homogeneous paste. Hand mixing can be suitable for hydration studies, since only a small batch 
of paste sample is required (< 200 g); however, if rheological measurements are done afterwards, 
a high shear mixer according to ASTM C1738 [37] is used.  
If nanomaterials are to be used, the above described procedure would be inappropriate. To 
achieve a homogeneous cement paste, the nano-material is first dispersed in the mixing water to 
form a nanoparticle suspension, and this nano-suspension will then be used as the “virtual mixing 
water” for the mixing of cementitious materials. 
2.5.1.4 Dispersion of nanomaterials  
Nanoparticles are very difficult to deagglomerate and disperse in a cement paste due to their 
strong inter-particle attraction (i.e. van der Waals forces). As agglomerates, they behave in the 
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same way as particles of a similar size. Clusters of nanoparticles due to any improper dispersion 
may introduce air through vapor-gas nuclei trapped in crevices [38] and form unreacted pockets 
in the cement matrix, thus resulting in weak zones in concrete. Therefore, it is important to disperse 
nanoparticles properly to exploit the advantages of nanoparticles.  
There are three major strategies for dispersing and stabilizing nanoparticles: (1) use of 
dispersant, (2) surface modification, and (3) mechanical dispersion.  
There are several commonly used dispersants. Potential-determining ions (i.e. pH) and 
electrolytes (inorganic slats) work by providing an electrostatic repulsion when in a polar medium, 
such as water. Stably dispersion may arise also from the adsorption of surface active compounds 
or polymers, which provide a steric hindrance. They can be associated to electrical charge and 
form charged polymers, thus providing an electro- steric stabilization. Finally, non-adsorbing 
polymers could maintain the nanoparticles apart by means of a depletion mechanism. A recent 
study has shown that a good dispersion of nano-limestone can be achieved with polycarboxylate 
superplasticizer [39].  
High intensity ultrasound has been widely used to disperse nanoparticles in a liquid. 
Ultrasonication generates intense shock waves by collapsing cavitation, which then leads to 
collisions among particles. The agglomerated particles are thus agitated and split by the collisions 
[40].  
Ultrasonic waves are generated in a liquid suspension either by immersing an ultrasound probe 
or “horn” into the suspension (direct sonication), or by introducing the sample container with the 
suspension into a bath containing a liquid through which ultrasonic waves are propagated (indirect 
sonication). Direct sonication is recommended over indirect sonication for the purpose of 
dispersing dry powders, as it yields a higher effective energy output into the suspension.  
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For a given system, optimal sonication conditions must be determined by assessing the effect 
of a variety of sonication parameters on the dispersion state of the suspension under a broad range 
of relevant conditions. Moreover, the total effective acoustic energy utilized in fragmenting 
powder clusters is influenced by a number of instrument- and system-specific parameters. Factors 
affect the ultrasonication may include: temperature, sonication time and operation mode, sample 
volume and concentration, and sonicator probe, container geometry and tip immersion [41]. 
Temperature: During sonication, the extreme local heating cycles that take place at the micro-
scale bubble interface due to cavitation will result in a bulk heating of the liquid over time. 
Excessive bulk heating can cause substantial liquid evaporation, resulting in changes to the 
sonicated volume, or the degradation of the material or medium components. A simple approach 
to minimize temperature driven side effects is to avoid substantial high-temperature excursions by 
immersing the suspension container in a cooling bath (e.g. ice-water bath, ice-salt bath, etc.). 
Besides, working with containers made of materials (e.g. aluminum, stainless steel, glass, plastic, 
etc.) with high thermal conductivities helps ensure a rapid release of heat from the suspension.  
Sonication time and operation mode: The total amount of energy (E) delivered to a suspension 
not only depends on the applied power (P) but also on the total amount of time (t) that the 
suspension is subject to the ultrasonic treatment: E = P * t. Ultrasonic disruptors can typically 
operate in either continuous or pulsed mode. In pulsed mode, ultrasonic intervals are alternated 
with static (sonication off) intervals. The duration of on and off intervals can be regulated. 
Operating in pulsed mode retards the rate of temperature increase in the medium, minimizing 
unwanted side effects and allowing for better temperature control than continuous mode operation. 
Pulse mode operation is therefore generally recommended. 
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Sample volume and concentration: While sonication power and time describe the amount of 
energy delivered to the suspension, samples of different volumes and particle concentrations can 
respond differently to the same amount of delivered energy. The effect of concentration is thus 
dependent on both the energy delivered into the suspension and the physiochemical properties of 
the suspension. The effect of suspension volume (at equal particle concentrations) is measured as 
energy density (W·s/mL). This magnitude expresses the amount of delivered energy per unit of 
suspension volume. In principle, at equal power and particle concentration, higher energy densities 
(i.e., lower suspension volumes) will result in a greater disruptive effect. When working with small 
volumes the temperature of the suspension will rise more rapidly; therefore, more intense cooling 
conditions may be required. 
Sonicator probe, container geometry and tip immersion: The amount of acoustic energy 
transferred to the suspension will depend on the shape and diameter of the probe and its immersion 
depth in the suspension. At equivalent instrumental power settings, microtip probes vibrate with 
larger amplitudes than conventional flat tip probes. However, microtips are less mechanically 
robust and are limited in terms of the maximum power setting at which they can be used. The 
manufacturer will typically specify a maximum power setting (based on a percentage of the 
maximum power output) for use with microtips. Microtips are appropriate for small suspension 
volumes (e.g., 25 mL or less). The way in which the ultrasonic energy is distributed within the 
suspension is also heavily influenced by the container geometry. When possible, it is 
recommended to use the smallest diameter vessel that allows for the probe to be inserted without 
touching the container walls. Using smaller container diameters raises the height of the liquid and 
maximizes the liquid-surface area exposed to the acoustic waves, as well as the container wall 
surface/volume ratio for dissipation of heat by the cooling bath. Conical bottom, flat bottom and 
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round bottom flasks will show different energy maxima and minima distribution profiles, which 
will in turn vary significantly for different probe tapers and probe tip immersion depths. 
Cylindrical, flat bottom beakers are recommended, especially for small volumes. Probe immersion 
depths between (2 to 5) cm are recommended when operating with standard ½” probes having flat 
tips or with microtips. Probes should be placed no closer than about 1 cm from the bottom of the 
sample container and contact between the probe and the container walls should be avoided. 
The goal of the optimization procedure is to achieve the desired degree of dispersion with the 
least possible energy input, in order to minimize unwanted side effects. The process to determine 
such conditions is based on a trial-and-error approach. 
2.5.1.5 Grinding of hydrated pastes  
Some analytical methods, such as TGA, XRD or NAD used in this study, require the use of 
grounded samples. However, cement hydrate phases are very sensitive to grinding, as the increased 
temperatures and the friction during intense grinding processes may cause loss of crystal water 
and changes in the phase assemblage. For example, gypsum loses 1.5 mol of its crystal water above 
40 ˚C, and ettringite is unstable in portland cement pastes above 50 ˚C [35]. Thus, hydrated pastes 
should be ground after hydration stoppage gently by hand in an agate mortar other than ground 
mechanically.  
2.5.1.6 Hydration stoppage 
Generally, the hydration of cements is stopped before analysis. At early hydration times 
hydration stoppage is necessary to suppress the further progress of hydration. At hydration times 
of 1 month or longer, where the further progress of hydration is very slow, stoppage procedures 
are used to remove free pore solution. For some techniques, such as XRD and NMR, hydration 
stoppage is not strictly necessary but is generally done, as it enables sample storage, and the low 
22 
 
relative humidity after stoppage helps to minimize carbonation and the characterization of the same 
sample at an identical degree of hydration by different techniques. Slightly different stopping 
procedures are optimal for the different characterization techniques.  
The primary aim of the various available methods of hydration stoppage is to remove water 
present in the pores without removing the water present in the hydration products to avoid 
alteration of the hydrates and to preserve the microstructure. Zhang and Scherer compared the 
effects of the most common drying techniques (Table 2.2), including direct drying (oven, 
microwave, D-drying, P-drying, and freeze drying) and solvent exchange on the preservation of 
the hydrate assemblage and the microstructure [42], and they summarized the results as follows 
(where “>” means “better”): 
1. To preserve microstructure: solvent replacement > freeze drying > oven drying. 
2. To preserve composition: freeze drying > oven drying > solvent replacement. 
3. To save time: oven drying > freeze drying > solvent replacement. 
4. All the techniques more or less dehydrate C–S–H and ettringite. 
5. Solvent replacement creates chemical artifacts in the specimens by reaction with 
hydration products or by strong adsorption. 
6. D-drying, P-drying, and vacuum drying are similar processes. They cannot arrest the 
hydration effectively, owing to slow water removal. They are better for microstructural 
preservation than oven drying, but not as good as solvent replacement. 
2.5.2 Isothermal calorimetry 
Heat of hydration measured by isothermal calorimetry is a well-established method to provide 
continuous data suitable for measuring overall cement hydration progress [2]. This technique 
records the heat released from the sample and compares it to a reference sample. The reference 
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sample should have a constant heat capacity similar to the measured sample. Typical commercial 
instruments of this type used in the cement field in the U.S. are TAM Air (TA Instruments, U.S.) 
and I-Cal (Calmetrix, U.S.). For this technique (TAM Air), the average absolute difference 
between replicate specimens of cement paste is 2.4 × 10−5 W/g (cement), with a maximum absolute 
difference of 0.00011 W/g (cement), for measurements conducted between 1 h and 7 d after mixing 
[43]. 
The work of Berodier [44] highlights the importance of the water to cement ratio in the 1-28 
days period of hydration and indicates that there are perhaps two later regimes (Figure 2.12). From 
1 to 6 days the amount of hydration seems to be mainly determined by the water to cement ratio 
or the space available for the cement hydrates. After about 6 days all the systems seem to have 
very similar kinetics. 
2.5.3 Chemical shrinkage 
Chemical shrinkage is related to the volume changes during the hydration process [45]. The 
volume of the hydrates is lower than the initial volume of the reactants i.e. water, cement, SCM. 
Not only hydration of the main clinker minerals but also the secondary reactions, including 
formation of ettringite, result in chemical shrinkage. Determination of the degree of hydration 
requires knowledge of the ultimate value of chemical shrinkage, which depends on both binder 
composition and temperature. This technique is more convenient than isothermal calorimetry for 
long term hydration as the shrinkage measurement is cumulative; furthermore, the equipment is 
relatively inexpensive and making the measurements requires only limited training. 
The primary objective of any chemical shrinkage test is to quantify the change in volume that 
occurs due to the hydration reactions, so the sample has to be kept water saturated and that the 
water needed to replace the volume decrease is measured. ASTM Standard Test Method C1608 
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[46] is based on the one developed by Geiker. The setup is shown in Figure 2.13. It consists of a 
cylindrical vial (50 mm height by 25 mm of diameter) that contains the paste, on top of which a 
pipette is connected. The vial is tapped to avoid the presence of entrapped air bubbles. Water is 
added on top of the paste until it fills also the pipette. The system is sealed at the interface between 
the pipette and the vial with rubber lids and on top of the pipette with a colored oil drop. This 
colored oil drop is used as an indicator of the level of water in the pipette. As the hydration 
proceeds and the paste shrinks, the level of water in the pipette decreases. This level is recorded 
every 30 min in the first day and every day thereafter until 28 days. The vials are maintained in a 
water bath at 23 °C to avoid effects of heat release on volumetric changes of the paste.   
Despite the apparently simple principle of chemical shrinkage measurement, there are 
experimental difficulties that can yield spurious results. For example, the sample dimensions are 
critical when measuring chemical shrinkage for longer periods and on dense pastes. The size 
should be sufficiently large to provide accurate measurements and sufficiently small to reduce 
sources of as possible temperature effects and self-desiccation due to de-percolation of the 
capillary porosity. It is recommended that [46] a 5-10 mm introduced to the vial at a w/c of 0.4. 
Besides, air bubbles in paste should be limited by vacuum mixing or using freshly boiled water 
and carefully cast and compact samples; otherwise, a reduction in measured chemical shrinkage 
will be observed.  
An example of the accuracy of chemical shrinkage measurement following the ASTM C1608 
procedure conducted at the PCC lab on two replicate samples of a portland cement paste is shown 
in Figure 2.14.  
25 
 
2.5.4 Thermogravimetric analysis 
 Thermogravimetric analysis (TGA) is a widely applied technique in the field of cement science. 
Measurements of chemically bound water and portlandite contents by TGA are often used to 
follow the reaction of portland cement or to evaluate the reactivity of supplementary cementitious 
materials (SCMs), such as fly ash and blast furnace slags. TGA is able to identify X-ray amorphous 
hydrates, such as C-S-H or AH3 [35]. 
Thermogravimetric analysis depends on measuring the dynamic weight loss from a sample as 
it is heated. The corresponding derivative thermogravimetric (DTG) curve is often calculated to 
better identify the changes. The results of thermal analysis are strongly influenced by the 
architecture of the measuring device, the kind of vessel used, the heating rate, the amount of solids, 
the particle size, gas flow rate and kind of purging gas, and the pretreatment of samples. The main 
rule of performing reliable TG analysis is to use the same procedure for all measurements. Figure 
2.15 shows an example of TGA and DTG curves of a cement paste.  
1. From 25 to 400 °C: loss of evaporable water and chemically bound water in C-S-H and 
calcium sulfate components. The mass loss for these phases overlap. 
2. From 400 to 500 °C: the dehydration of calcium hydroxide and the chemical reaction is  
                           Ca(OH)2 → CaO+ H2O                                         2.7 
3. From 600 to 750 °C: the de-carbonation of calcium carbonate and the chemical reaction 
is 
                                 CaCO3 → CaO + CO2                                    2.8 
A widely used technique to assess the degree of reaction of portland cements is to obtain the 
bound water content from the difference between the weight losses of samples dried to 105 and at 
1000 °C. This procedure assumes that only pore water is removed until 105 °C. 
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Portlandite decomposes generally between 400 and 500 °C to CaO and H2O, as shown in Figure 
2.15. This weight loss (𝑊𝐿𝐶𝑎(𝑂𝐻)2) due to the evaporation of water can be used to calculate the 
amount of portlandite present, using the molecular masses of portlandite (𝑚𝐶𝑎(𝑂𝐻)2= 74 g/mol) 
and water (𝑚𝐻2𝑜 = 18 g/mol): 
𝐶𝑎(𝑂𝐻)2,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑊𝐿𝐶𝑎(𝑂𝐻)2 * 𝑚𝐶𝑎(𝑂𝐻)2/𝑚𝐻2𝑜 = 𝑊𝐿𝐶𝑎(𝑂𝐻)2 * 
74
18
                  2.9  
2.5.5 X-ray diffraction 
X-ray diffraction is a powerful technique which allows crystalline phases to be studied in 
cement systems, including both the anhydrous clinker phases (C3S, C2S, C3A, C4AF, and other 
minor crystalline phases), and the main hydration products (mainly CH and ettringite). The 
diffraction of X-rays by a crystalline phase produces an XRD pattern consisting of peaks of varying 
intensities at characteristic diffraction angles. The diffraction angle or position of the peaks is 
determined by the symmetry and the size of the unit cell through Bragg’s law:  
nλ = 2dsinϴ                                                                                                           2.10 
where n is an integer, λ is the wavelength of the radiation used, d the spacing of the crystal planes, 
and θ the angle of the diffraction peak. The intensity of the peaks is determined by the types and 
positions of the atoms in the crystal lattice according to the structure factor:  
F(hkl) = ∑ 𝒇𝒏𝒆𝒙𝒑𝟐𝝅𝒊(𝒉𝒙𝒏 + 𝒌𝒚𝒏 + 𝒍𝒛𝒏)
𝑵
𝟏                                                          2.11 
where hkl are the Miller indices of the reflecting planes, fn the atomic structure factor, and xn, yn, 
and zn, the coordinates of the nth atom in the unit cell containing N atoms. So it is possible to 
distinguish the particular phases from the XRD pattern. 
Qualitative phase analysis is based on a comparison of the peaks in a measured XRD pattern to 
a databased containing peak patterns of known phases. Usually a general-purpose database, such 
as the powder diffraction file (PDF) published by the International Centre for Diffraction Data is 
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used, often in combination with chemical or categorical filters, to restrict the number of candidate 
patterns. XRD scan of a hydrated cement paste is shown in Figure 2.16. 
2.6 Microstructure  
The hardened cement paste produced by the interaction of portland or blended cement with 
water is composed of anhydrous phases (unreacted clinker minerals, mineral additions), hydrate 
phases modified by foreign ions incorporation and adsorption (C–S–H, ettringite, portlandite, 
AFm), minor phases such as hydrotalkite, pore solution, and pores. The hydrate phase most 
abundant in hardened cement paste is calcium silicate hydrate.  
Figure 2.17 presented modelled changes during hydration of a) OPC and b) blended cement 
with fly ash replacement. The majors changes in the presence of fly ash are related to the C-S-H 
composition which tends to have lower Ca/Si and higher Al/Si ratios than in OPC paste.   
2.6.1 Phase assemblage 
Accelerated hydration of cement paste and faster formation of calcium hydroxide at initial 
period was observed in the nanoparticles added cement paste [47, 48]. Nanoparticles were reported 
to favor the formation of small-sized crystals (such as Ca(OH)2 and AFm) and small sized uniform 
clusters of C-S-H [49, 50].  
Besides the physical effects, nanoparticles may react chemically in the cement hydration 
process. Limestone is now well acknowledged to interact with AFm and AFt phases. In an ordinary 
portland cement without limestone powder, the C3A and at a slower rate also the C4AF will react 
with the calcium sulfate to form ettringite (C3(A,F)·3CaSO4·32H2O). Upon depletion of the 
sulfates, the remaining C3A and C4AF will react with the ettringite to form monosulphate 
(C3(A,F)·CaSO4·12H2O) or hydroxy-AFm solid solution [51, 52]. In the presence of limestone, 
the AFm-carbonate equivalents such as monocarbonate (C3(A,F)·CaCO3·11H2O) are formed 
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rather than the sulfate containing AFm phases. The AFt-carbonate equivalent has been observed 
by some researchers [53], but it is unlikely to form in a significant amount at ambient temperatures 
in a hydrating cement as it is less stable than the AFm phases. The decomposition of ettringite to 
monosulphate when reacting with the remaining C3A and C4AF upon sulfate depletion is prevented 
as monosulfate is less stable than monocarbonate in the presence of limestone. The stabilization 
of the voluminous, water rich ettringite instead of the less voluminous monosulphate, gives rise to 
an increase of the total volume of hydration products [51, 53]. However, there are many 
disagreements about the time when the hemicarbonate and monocarbonate phases are formed and 
in which order.  
Nano-silica participates in the pozzolanic reactions, resulting in the consumption of Ca(OH)2 
and formation of C-S-H. Dense and compact microstructure with lesser amount of calcium 
hydroxide crystals was observed (Figure 2.18) [21, 54]. Gaitero and his co-authors reported that 
nano-silica particles increase the average length of the silicate chains of C-S-H gel [55]. SEM 
analysis results showed that the cement paste containing 2% nano-montmorillonite addition was 
denser and more uniform [56].  
2.6.2 Pore structure 
When cement powder and water are mixed, reactions begin to consume the cement particles 
and to produce solid products. This is accompanied by a net decrease in volume, called chemical 
shrinkage, because the volume of the solid products of hydration is less than the initial volume of 
solids and water from which they form. However, the solid hydration products have greater volume 
than the initial solids alone, so the water filled space is gradually replaced by solids during the 
reaction. The space not filled by solid products of hydration is traditionally called the capillary 
pore space. The principle hydration product, calcium silicate hydrate (C-S-H) gel, also contains a 
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significant volume of very small pores called gel pores. In this sense, the pore system naturally 
divides into two distinct populations of pores, one population becoming less numerous, and the 
other becoming more numerous, as the reactions proceed (Figure 2.19). The distinction between 
capillary pores and gel pores is somewhat arbitrary, with a cut-off of 10 nm being typically used 
(Table 2.3). It should be kept in mind that the sizes of capillary and gel pores overlap, and the 
spectrum of pore sizes in a cement paste is continuous. The capillary pore network remains fully 
connected until its volume fraction is reduced to about 18% [2]. 
The properties of porous materials are strongly affected by the characteristics of their pore 
system, such as porosity, pore size distribution, connectivity, etc. Thus, materials with the same 
total pore volume (porosity) may exhibit quite different mechanical and transport properties. In 
cement-based materials, compressive strength and elasticity primarily depend on the porosity, 
while transport properties, such as permeability and diffusivity, are influenced by the total volume, 
size distribution, shape and connectivity of the pores [57].  
In general fly ash blended cements have a higher total porosity at early age compared to plain 
portland cement caused by the lower clinker content and the slow reaction of fly ash. At later ages 
fly ash could refine the pore structure of cement paste by the secondary pozzolanic reaction. The 
hydration products produced by the reaction of fly ash with calcium hydroxide (CH) fill in the 
pores, which does not only reduce the pore volume but also the pore size [58, 59]. Nevertheless, 
earlier studies indicate that there is an optimal replacement of SCM above which the refinement 
and the reduction of the pore volume are not occurring which, as a consequence, decreases the 
mechanical properties of the paste [60].  
Acting as nano-reinforcement and as filler, nanoparticles can densify the microstructure and the 
interfacial transition zone (ITZ), and thereby lead to a reduced porosity [61]. Oil well cements 
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designed with nano-silica showed a decrease in porosity and permeability [62]. The addition of 
nano-silica refines the pore structure of designed concrete pavement and enhances the resistance 
to chloride penetration. However, for the concrete pavement containing polypropylene fibers and 
nano-silica, the pore structure is coarsened and the resistance to chloride penetration is reduced 
[63]. 
Through addition of ultrafine layer silicates, it was found that the C-S-H growth on the clay 
particles resulted in structures determined by the size and shape of the clay particles and the 
negative charge of some of the clay minerals [64]. Portland cements containing palygorskite and 
bentonite have a more open structure consisting of interconnected fine pores. In mortars with clays 
added the interfacial transition zone (ITZ) is connected to the system of interconnected fine pores.  
2.7 Mechanical properties 
Nano-SiO2 has been found to be more efficient in enhancing strength than silica fume [65-68].  
Addition of 10% nano-SiO2 with dispersing agents increased the compressive strength of cement 
mortars at 28-day by as much as 26%, compared to only a 10% increase with the addition of 15% 
silica fume [69]. Even the addition of small amounts (0.25%) of nano-SiO2 increased the strength, 
improving the 28-day compressive strength by 10% and flexural strength by 25% [70].  
Flexural and compressive strength of hardened cement paste increased with the addition of 
nano-CaCO3 at the ages of 7-day and 28-day, and the optimal content of nano-CaCO3 addition was 
1% [71]. Adding 1% nano-CaCO3 increased the 7-day and 28-day compressive strength and 
decreased the free drying shrinkage of self-consolidating concrete [72]. 
The replacement of ordinary cement paste by 6 wt. % nano-metakaolin increased the 
compressive strength of blended mortar by 18% compared to control mix and the combination of 
6 wt. % nano-metakaolin and 0.02 wt. % carbon nanotubes increased the compressive strength by 
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29% than control [73]. The composite with 0.60% of added nano-montmorillonite by weight of 
cement increased the compressive strength by 13.24% at the age of 56-day [74].  
2.8 Drying shrinkage 
Drying shrinkage is a characteristic property of hardened cement paste. Hardened cement paste 
is a highly porous material with a large specific surface area, primarily due to the porous 
microstructure of the main hydration product, CaO–SiO2–H2O (C-S-H). Large quantities of water 
vapour are adsorbed on the internal surface of the hydration products. The volume of hardened 
cement paste is sensitive to its moisture content. When exposed to environmental humidity, which 
is less than 100% RH, a saturated paste begins to lose water and shrink. The shrinkage on first 
drying is partly irreversible. 
Four primary mechanisms control the drying shrinkage of hardened cement paste. These are 
capillary stress, disjoining pressure, surface free energy, and movement of interlayer water [2]. 
Each has an effective range of relative humidity. There is no unified theory at present which 
adequately explains the reversible and irreversible drying shrinkage behavior over the entire 
relative humidity region.  
Capillary pressure works at high relative humidity (RH) between 90% and 45%. Meniscus form 
in capillary pores once drying begins, and as the water evaporates, they proceed inward. The 
system contracts because tensile forces within the meniscus are balanced by forces in the pore 
walls. The relationship between the equilibrium vapor pressure above a meniscus and its radius of 
curvature is given by the Kelvin equation: 
ln (p/p0) = (2ϒVm)/rRT                                                                                 2.12 
where p = vapor pressure over a curved meniscus, p0 = vapor pressure over a planar surface, ϒ = 
surface tension of water, R = gas constant, T = temperature, Vm = molar volume of water, and r = 
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the radius of curvature of the meniscus. The capillary pressure generated by a meniscus in a 
cylindrical pore is a function of the radius of curvature of the meniscus according to: 
Pcap = 2ϒ/r                                                                                                    2.13 
Combination of equations 2.12 and 2.13 gives: 
Pcap = (RT/Vm) ln (p/p0) = K ln (p/p0)                                                          2.14 
where K= a materials constant. Thus, capillary pressure is a function of relative humidity. In 
cement paste, the strain resulting from a capillary stress must be a function of the pore structure, 
pore geometry, and the elastic modulus of the solid phase that the pressure is acting upon.  
However, it is suggested that a liquid (capillary) can exist in the pores only if the capillary 
tension under the meniscus (which is given by the Kelvin Laplace equation) does not exceed the 
tensile strength of the liquid, which is often thought to be exhausted at no less than 45% of the 
saturation pressure, if not much higher. When the critical pressure (p/p0) is reached, the meniscus 
collapses and this mechanism is ineffective. 
Surface free energy is believed to operate over a large range of relative humidities. Water 
molecules adsorbed onto C-S-H particles reduce the surface free energy by satisfying bonds at the 
surface. When this water is removed during drying, the tensile forces build and shrinkage results. 
Since the surface free energy changes the most with adsorption of the first two monolayers, 
shrinkage by this mechanism is believed to have the most influence at low relative humidities (< 
33% RH) [75].  
Disjoining pressure is caused by the removal of adsorbed water from C-S-H particles. 
According to Powers [76], the forces surrounding C-S-H particles are balanced by an attractive 
van der Waals forces and repulsive forces from the adsorbed water layer. As relative humidity is 
decreased, the water layer surrounding C-S-H particles get thinner and the particles are drawn 
closer together. This mechanism is believed to be effective only above 11% RH because multilayer 
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adsorption of water is required for the film to exist. Movement of interlayer water operates below 
11% relative humidity [77].  
2.9 Durability 
The durability of concrete is largely related to concrete permeability. The intrusions of gas, 
liquid and ions may cause harmful stresses and chemical changes in concrete that will affect its 
integrity. Nano-silica addition reduces concrete water permeability and rapid chloride penetration 
and help to control the leaching of calcium, which is closely associated with various types of 
concrete degradation [78-82]. 1% nano-CaCO3 addition increased concrete freezing-thawing 
resistance and reduce concrete permeability [72]. The electromigration test showed that, for 
cement mortars of the same mix design, the incorporation of nanoparticles (Fe2O3, Al2O3, TiO2, 
and SiO2) and nano clays (nano-montmorillonite) improved the chloride penetration resistance of 
the mortar [83]. The nanomaterials also reduced the general ionic permeability of the mortar, as 
indicated by the reduced electric charge passing through.  
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Tables: 
Table 2.1 Important characteristics of a Type I cement, a Class-F fly ash, and a metakaolin. 
Chemical analysis PC FA MK 
SiO2 20.20 46.00 53.00 
Al2O3 4.70 17.80 43.80 
Fe2O3 3.30 18.20 0.43 
SO3 3.30 2.59 0.03 
CaO 62.90 8.40 0.02 
MgO 2.70 0.95 0.03 
Eq. Na2O 0.54 2.01 0.35 
P2O5 - 0.11 - 
TiO2 - 0.93 - 
SrO - 0.03 - 
BaO - 0.05 - 
LOI 1.10 1.49 - 
C3S 58   
C2S 7   
Physical Properties    
Specific gravity 3.15 2.51 2.56 
Fineness by air permeability (m2/kg) 391 310 13000 
 
Table 2.2 Comparison of drying techniques [42]. 
Technique Process Pros Cons 
Oven drying Atmospheric pressure, 35≤T (˚C)≤
105 
Fast Microcracking, degrade 
C–S–H, ettringite 
Microwave 
drying 
Lower power, several minutes fast Destroy microstructure 
D-drying Vacuum < 4.2 Pa, solid CO2 + alcohol 
at -79°C, 14 days 
Definition of “non-
evaporable” water 
Remove some bound water 
P-drying 1.1 Pa, room temperature  Contains residual pore 
water 
Vacuum drying Vacuum chamber 0.1 Pa  Degrade ettringite and 
monosulphate, increase 
pore volume, damage pore 
structure, 
Remove less water 
Freeze drying Submerge in liquid N2 > 15 min, 
then place in a freeze dryer for > 1 day 
Less damage to structure 
No hydration products 
change 
Degrade ettringite and 
monosulphate 
Supercritical 
drying 
Replace pore water by solvent, 
then freon, supercritical drying of 
freon 
Preserve pore structure Expensive complex 
process 
Solvent 
exchange 
Solvent renewed regularly, then dried 
in a desiccator 
Small damage to pore 
structure; gives finest 
pore size distribution; applies 
least stress 
Isopropanol is the best 
solvent 
May partially dehydrate 
the C–S–H and ettringite; 
interaction with cement, 
could be sorbed into 
cement phases and not be 
removed without 
affecting microstructure 
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Table 2.3 Classification of pores and features in cement paste [2]. 
Type of pore Size/nm Description Water Properties 
Capillary pores 50～10000 Large Evaporable bulk water Permeability, strength 
10～50 Medium Evaporable moderate menisci Permeability, strength, 
shrinkage (high RH) 
Gel pores 2.5～10 Small Evaporable strong menisci Shrinkage (to 50% RH) 
0.5～2.5 Micropores Non-evaporable 
-No menisci 
-Intermolecular interaction 
Shrinkage, creep  
(35-11% RH) 
<0.5  Structural Non-evaporable 
-Ionic/covalent bond 
Shrinkage, creep  
(<11% RH) 
 
Figures: 
 
Figure 2.1. The particle size and specific surface area scale related to concrete materials [1]. 
 
 
Figure 2.2. The particle size distribution of a Type I cement. 
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Figure 2.3. SEM images of cement grain and detail of the surface at 2.5kV [44]. 
 
 
Figure 2.4. CaO-Al2O3-SiO2 ternary diagram of cementitious materials [15]. 
 
 
Figure 2.5. SEM image of typical fly ash particles at 20 kV with 20 mm working distance [44]. 
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Figure 2.6. SEM micrograph of metakaolin particles at 1000X [35].  
 
 
Figure 2.7. Typical isothermal calorimetry curve of cement hydration [35]. 
 
   
Figure 2.8. Cement hydrated for 3 hours, 6 hours and 10 hours [44]. 
3 
4 
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Figure 2.9. Conduction calorimetry results for C3S control and C3S with additions of 10% micro- 
CaCO3 and nano- CaCO3 [18]. 
 
 
Figure 2.10. Effect of colloidal silica and silica flour (dashed line) on the hydration kinetics of 
C3S [20]. 
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Figure 2.11. Effect of C-S-H seed made with a molar Ca/Si ratio of 1 on the early hydration 
kinetics of C3S hydration. The seed amounts refer to the mass of solid C-S-H per mass of C3S 
[20]. 
 
 
Figure 2.12. Cumulative heat of hydration for a plain portland cement at different water to 
cement ratios [15]. 
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Figure 2.13. Illustration of experimental setup for chemical shrinkage test (ASTM C 1608). 
 
 
Figure 2.14. Chemical shrinkage measurement following the ASTM C1608 procedure conducted 
at the PCC lab on two replicate samples of a portland cement paste (w/c = 0.4, sample height = 
10 mm). 
 
 
Figure 2.15. Typical TGA and DTG curves for a hydrated cement paste (4 days old). Adopted 
from [35]. 
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Figure 2.16. XRD scan of a hydrated cement paste.  
 
                     
Figure 2.17. The volume of the different phases as function of time in hydrating cement pastes 
modelled by GEMS (w/cm=0.4) [35]. 
 
Figure 2.18. SEM micrographs of plain (A) and nano-silica modified cement paste (B) [21]. 
47 
 
 
Figure 2.19. Evolution of states of water in white cement paste at w/c=0.4 [15]. 
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Abstract 
In this paper, effects of nanomaterials on the hydration kinetics and rheology of ordinary 
portland cement pastes were investigated. Three nanomaterials, nano-limestone, nano-silica, and 
nano-clay (a highly purified magnesium aluminosilicate), were added to a cement paste at levels 
of 0.0, 0.5, 1.0, and 1.5% (by mass) of cement. Heat of the cement hydration of the pastes was 
measured using isothermal calorimetry. Rheological behavior of the pastes was characterized 
using a rotational rheometer. The rheology tests were performed at intervals of 10, 30, 60, 90, and 
120 minutes after the cement was mixed with water. Set times of the pastes were measured 
according to ASTM C191. The experimental results indicate that the addition of nano-limestone 
and nano-silica accelerated cement early hydration, the maximum heat flow increased while the 
time to reach the heat flow peaks decreased. Initial and final set times were also reduced. These 
effects were enhanced with increased nano-addition level. The addition of nano-clay also 
significantly increased the intensity of the heat flow peaks, especially, the peak corresponding to 
the renewed reaction of the aluminate phase. Addition of these nanomaterials generally increased 
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yield stress and viscosity of the cement paste, especially after 60 min when cement hydration began 
to accelerate. Nano-clay greatly affected the rheological behavior of cement pastes. Significantly 
higher shear stresses were required to initiate the flow. 
3.1 Introduction  
In recent years, nanomaterials have been increasingly explored for their beneficial roles in the 
field of cement and concrete materials. Nanoparticles are defined as particles with lengths ranging 
from 1 to 100 nanometers in two or three dimensions [1]. The high surface area to volume ratio 
can provide nanoparticles with the potential for excellent chemical reactivity. Much of the work 
to date has been with nano-silica (nano-SiO2) and nano-titanium oxide (nano-TiO2) [2-4]. There 
has also been an increase in studies applying nano-limestone (nano-CaCO3), nano-clay, nano-iron 
(nano-Fe2O3), nano-carbon, and nano-alumina (nano-Al2O3) particles [4-6]. 
The effects of nanomaterial on the performance of cement-based materials are reflected in the 
workability, the mechanical behavior, and durability properties of the resulting concrete, and are 
strongly influenced by the physical and chemical interactions involved and, consequently, the early 
hydration kinetics and rheological properties of cement pastes.  
The primary focus of the research presented here is to study the effects of different 
nanomaterials on early hydration kinetics and rheological behavior of cement pastes. The kinetics 
of cement hydration has been measured using a variety of techniques [7]. Isothermal calorimetry 
has been widely applied for this purpose since it can conveniently and effectively measure the rate 
of cement hydration [7-9]. In this study, isothermal calorimetry tests and the rheology 
measurement were performed on cement paste right after mixing. Set times of the paste were also 
performed using the Vicat needle penetration test as a reference. 
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3.2 Background  
Nanoparticles can accelerate early cement hydration by providing a multitude of additional sites 
for the precipitation and growth of new regions of calcium-silicate-hydration gel (C-S-H), the 
principal product of cement hydration [4, 7]. Lee and Kurtis [10] studied the influence of non-
reactive nano-TiO2 powder on early C3S hydration through simulations and isothermal calorimetry 
measurements, and they reported that the extent of the acceleration was linked to an increase in 
available nucleation sites (i.e., increase in solid surface area) provided by the TiO2 nanoparticles. 
Gurney et al. [11] have also shown that reductions in setting times are directly proportional to 
provided fine limestone surface area in systems with nano/fine limestone additions. 
Moreover, most of the nanomaterials, such as nano-silica, nano-limestone and nano-clay 
examined in this study can affect cement hydration by chemically reacting in systems.  
Thomas et al. [9] showed through isothermal calorimetry that the hydration of tricalcium silicate 
(C3S) and portland cement can be accelerated by addition of colloidal nano-silica (2-10 mass %) 
and synthesized C-S-H particles (1-4 mass %). The model they used to describe these effects 
proposes an early pozzolanic reaction on the nano-silica surface to form C-S-H particles. These C-
S-H particles spread in the capillary pore space between cement particles and serve as seeds for 
the formation of C-S-H hydration product (autocatalysis) away from the particle surfaces where 
they don’t interfere with the dissolution of cement grain.   
Conduction calorimetry results indicated that 10% nano-CaCO3 replacement accelerated the 
hydration of C3S and portand cement pastes [5, 12]. The formation of small ﬁbrous C-S-H products 
around the nano-CaCO3 particles was observed through scanning electron microscopy (SEM) [12]. 
Zajac et al. [13] suggested that a relatively small quantity of calcite reacted to form hemicarbonate 
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and monocarbonate in portland cements when the gypsum was depleted, indirectly leading to more 
ettringite. 
Clay materials are increasingly used to modify thixotropy and improve shape stability in 
minimal compaction energy concrete [14]. 29Si MAS NMR spectra demonstrated that the addition 
of micro- or nano-sized layer silicates to portland cements accelerated cement hydration [15, 16] 
by increasing the degrees of hydration for both alite and belite [16]. The activity of clays in 
pozzolanic reactions has also been demonstrated [17].  
Cement pastes set during the acceleration period, during which hydration products that form on 
the surfaces of clinker particles intersect, leading to the formation of clusters that eventually join 
into a continuous elastic network [18]. 
In the period before setting, the fluid properties of cement pastes dominate. The rheology of 
cement-based materials is a quantitative property that describes the fluids’ deformation and flow 
[42]. The rheological behavior of a fluid such as cement paste, mortar, or concrete is often 
characterized by two parameters: yield stress τ0 and plastic viscosity μ, as defined by the Bingham 
equation  
τ = τ0 + uɤ                                                                                                3.1 
where τ is the shear stress applied to the material (in Pa), τ0 is the yield stress (in Pa), μ is the 
plastic viscosity (in Pa⋅s), and ɤ is the shear strain rate (also called the strain gradient) (in s–1). 
Unlike in the Newtonian model, cement paste has a yield stress that reflects the minimum stress 
needed to initiate a flow. The plastic viscosity measures the resistance of cement paste against 
increase in speed of movement [19, 20].  
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Key parameters influencing the rheology of cement pastes include: particle size distribution, 
volume fraction of particles, colloidal forces (van der Waals forces, electrostatic forces, etc.), 
hydrodynamic effects, and hydration progress [21, 22].  
Before the acceleration period of cement hydration, cement paste rheology is primarily 
controlled by attractive-particle interactions. When water content is kept constant, the addition of 
nanomaterials can adversely affect the flowability of cement pastes and increase the yield stress: 
(1) the high surface area of nanoparticles to be wet and their tendency to agglomerate may decrease 
the amount of free water; and (2) nanoparticles can fill the gaps between cement particles and 
increase the connectivity of the network structure [23-25]. On the other hand, the addition of 
nanoparticles in cement pastes can theoretically increase particle-packing density, decrease the 
void ratio of solid particles, and increase the amount of free water for lubrication [23, 26]. Thus, 
the plastic viscosity could increase or decrease depending on these competing effects. Research 
has shown that the addition of nano-silica in cement pastes usually increased water demand and 
the yield stress and viscosity [2]. On the other hand, no consensus has been reached with respect 
to the effect on paste fluidity of the addition of limestone [23, 27]. Small additions of clay have 
been shown to increase the floc size, flocculation strength, and shear-yield stress of cement pastes 
[25, 28]. 
During the cement hydration acceleration period, inter-particle force bonds are gradually 
replaced and augmented by “cement hydration product” bonds, until eventually a continuous 
elastic network was formed (cement paste's setting process) [29]. Rheological measurements have 
been used to monitor the microstructure formation and mechanical property development (i.e. 
setting) of cementitious materials [19, 30]. 
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3.3 Materials and methods  
3.3.1 Materials and mix proportions 
 A commercial Type I/II portland cement (PC) was used with the physical properties and 
chemical analysis given in Table 3.1. Nanomaterials, nano-silica (NS), nano-limestone (NL), and 
nano-clay (NC), were added to the cement paste (water-to-cement ratio of 0.5) at levels of 0.5, 1.0, 
and 1.5% (by mass) of cement. The properties of the nanomaterials are shown in Tables 3.1 (NC) 
and 3.2 (NL and NS). Nano-clay is a highly purified magnesium alumino silicate, chemically 
exfoliated from bulk attapulgite to remove high levels of water-demand impurities such as smectite, 
bentonite, and other swelling clays. Under shearing, nano-clay breaks down into needle-like 
structures about – 1.75 um in average length and 3 nm in average diameter [28, 31]. Figure 3.1 
shows a block diagram of the experimental work. 
3.3.2 Preparation of nano-suspension 
 Nanoparticles tend to agglomerate due to their strong interparticle attraction (i.e. van der Waals 
forces). As agglomerates, they behave in the same way as particles of similar size, so it is important 
to properly disperse them. High-intensity ultrasound has been widely used to disperse 
nanoparticles in a liquid. Ultrasonication generates intense shock waves by collapsing cavitation, 
leading to collisions among particles. The agglomerated particles are thus agitated and split apart 
by these collisions [32]. 
In the present study, the nanomaterials used were first dispersed in water to form nanoparticle 
suspensions. The suspensions were then used as “mixing water” for paste mixing. To form a nano-
suspension, the nanomaterial was added to the mixing water (distilled water) and ultrasonicated 
(frequency: 20 kHz; generating power: 600W) for 9 min. To prevent the water from boiling, the 
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suspension was sonicated 3 times for 3 min each. After each 3-min continuous ultrasonication, the 
suspension was cooled to room temperature. 
3.3.3 Preparation of cement pastes under high shear mixing 
The cement pastes used for the rheological measurements, the Vicat set time measurement and 
the hydration kinetics measurements were prepared as a single batch in a high-shear mixer 
according to ASTM C1738 [33]. 
3.3.4 Isothermal calorimetry test 
To measure the hydration kinetics, about 5 g of cement paste were tightly sealed inside a 15 ml 
glass ampoule immediately after mixing and then placed into a TAM Air 8-Channel isothermal 
calorimeter. All runs were conducted at 25 °C with a time resolution of 1 min. Samples were placed 
in the calorimeter about 10 min after initial contact of solids and water and, since another 30 min 
was required for the sample temperature to become completely equilibrated to that of the 
instrument, the very exothermic early rapid reaction was not captured. Isothermal calorimetry was 
conducted for about 24 hours and results were normalized to the water mass of each specimen. 
The average of two replicates for each mix is presented. The average absolute difference between 
replicate specimens of cement paste was previously measured to be 2.5 x 10-5 W/g (cement), for 
measurements conducted between 1 h and 7 d after mixing [34]. 
3.3.5 Rheology test 
Rheological measurements were taken on a rotational rheometer using a parallel plate 
configuration. Serrated plates with 35 mm diameter were used. The testing regime was: 
 Approximately 1.2 ml samples of paste were taken from the mixing bowl by disposable 
syringe and placed onto the lower plate of the rheometer; 
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 The two plates were driven to a preset gap of 0.4 mm selected based on previous experience 
[35];  
 The samples were subjected to a pre-shear regime ranging from 0 to 50 s-1 over 160 s. Then 
a full cycle of increasing shear rate in 10 steps from 1 to 50 s-1 and back to 1 s-1 was carried 
out (Figure 2a).  At each step, if a constant shear stress was not achieved within 20 s, the 
shear stress was calculated as the average of the last 5 values recorded. The slope of the 
line of shear stress versus shear rate of the downward ramp curve (last portion of the testing 
cycle) was used to calculate the apparent viscosity and the intercept was used to calculate 
yield stress (Figure 2b), according to the Bingham model [36]. It was found that the 
calculated values of the yield stress and plastic viscosity had a standard deviation of 5% 
[30]; 
 The temperature was held at 25 °C by circulating water through a metal jacket surrounding 
the outer cylinder;  
 The rheology tests were performed at 10, 30, 60, 90, and 120 minutes after cement 
contacted water. Before each rheological measurement, pastes were remixed with a hand 
blender for 30 s and 
 Between rheological measurements, the mixture was stored in a hermetically sealed ﬂask.  
3.3.6 Vicat set time tests 
Initial and ﬁnal set times for all the cement paste mixtures were measured according to ASTM 
C191 [37]. A needle weighing 300 g and diameter of 1 ± 0.05 mm was lowered into a specimen 
of fresh cement paste and the penetration depth is recorded. The Vicat initial time of setting is the 
time elapsed between the initial contact of cement and water and the time when the penetration is 
measured or calculated to be 25 mm. The Vicat final time of setting is the time elapsed between 
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initial contact of cement and water and the time when the needle does not leave a complete circular 
impression in the paste surface. In the ASTM C191 standard, the single laboratory precisions are 
listed as 12 min and 20 min for initial and final times of setting, respectively. 
3.4 Results and discussions  
3.4.1 Hydration kinetics  
Figure 3.3 shows the isothermal calorimetry data for cement pastes with additions of various 
types and amounts of nanomaterials. Because of the previously-described test protocol, the first 
heat flow peak corresponding to the very exothermic initial dissolution of solids and the rapid 
formation of ettringite [7] in the first few minutes was not captured. For plain paste, the heat flow 
decreased thereafter to 1.4 mW/g, the first valley on the calorimetric curve, at the age of 51 min. 
This was followed by the acceleration period, involving acceleration of the silicate reactions and 
mass nucleation and precipitation of the hydration products, primarily C-S-H [7]. The paste set 
during this period (Figure 3.10) lasting up to a time of 301 min, at which point the calorimetric 
curve rose to a second peak (5.6 mW/g), followed by a reduction in heat flow until a second valley 
was reached at a time of 358 min. These reactions overlapped with the reactions between aluminate 
and calcium sulphate phases in cement. When the added calcium sulfate had all been consumed, 
the rate of aluminate phase reaction once again increased, establishing a third calorimetric curve 
peak (5.5 mW/g) at 382 min. The main aluminate hydration product at this time still appeared to 
be ettringite [7]. As can be seen, the amount of calcium sulphate in the cement was manipulated 
so that a renewed reaction of the aluminate phase took place after the hydration peak of the silicate 
phase, ensuring correct setting and hardening [7]. After the third peak, the heat flow declined and 
cement hydration entered the deceleration phase.  
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While essentially the same hydration reactions took place in each case, the addition of 
nanomaterials had an obvious hydration-accelerating effect, with the maximum heat flow 
increasing while the time to reach the silicate and aluminate reaction peaks decreased (Figures 3.4 
and 3.5). Pastes with nano-clay displayed a different behavior in that the heat flow immediately 
after the second peak increased and was followed shortly thereafter by a large and relatively sharp 
third peak corresponding to the renewed reaction of the aluminate phase. As a consequence, in this 
case the second peak corresponding to the silicate hydration appeared as a shoulder peak and the 
second valley was not observed (Figure 3.3c). The time lag between the second and third peaks 
was also reduced (Figure 3.5c). 
For pastes with nano-limestone and nano-silica additions, the hydration-accelerating effect 
increased with the level of addition. As the addition level increased, the heat flow at the silicate 
and aluminate peaks increased (Figures 3.4a and 3.4b) and the time to reach the peaks decreased 
(Figures 3.5a and 3.5b). The hydration-accelerating effect of nano-silica can be attributed to a 
nucleation seeding effect provided by C-S-H particles forming on the nano-silica surface [2, 9]. 
These C-S-H particles were formed from an early pozzolanic reaction of nano-silica with calcium 
ions released by the dissolving cement. As the addition level increased, the total nano-silica surface 
area increased, so more C-S-H particles could be formed to serve as seeds for nucleation and 
precipitation of C–S–H hydration products [2, 7]. The hydration-accelerating effect of nano-
limestone can be attributed to: 1) the nucleation sites provided by the surface of the nano-limestone 
particles; and 2) the tendency for its dissociated ions to participate in exchange reactions with 
calcium silicate hydrate products [6]. Calcium carbonate can contribute CO32- anions to the pore 
solution, and they can subsequently be incorporated within the C-S-H gel. OH- anions released 
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from C-S-H to preserve charge neutrality would elevate the pH and hence the driving force for 
continuation of hydrate growth [6].  
The silicate hydration-accelerating effect of nano-clay may originate from (1) the clay surface 
providing the nucleation sites for the hydrated phase growth [38, 39]; and (2) the ion absorbing 
capability of attapulgite particles resulting from their charged structure and high surface area. The 
decrease in Ca2+ ion concentration and consequently lower Ca/Si ratio due to Ca2+ ion capture by 
negatively-charged attapulgite particles may contribute to accelerated silicate hydration [16, 39]. 
The previously-described absence of the second valley, and the earlier and more intense third 
peak (Figure 3.3c) suggests that nano-clay more intensely accelerated the renewed reaction of the 
aluminate phase. This may be attributed to the adsorption of sulfate by nano-clay particles 
occurring by replacement of silanol (Si-OH) groups [40] and the Synergistic Calorific Effect (SCE) 
between the C3A from the cement and the Al2O3
r- present in nano-clay [41, 42].  
It should be noted that the 0.5% nano-clay addition had a greater accelerative effect than the 
1.0% nano-clay addition. That may be attributed to the needle-shaped nano-clay particles with 
charged surfaces. In higher concentrations, more particles attach to one other, leaving less 
available surface for forming nucleation sites for hydration products [43]. Nano-clay at 0.5% 
addition level seemed to represent the case providing most effective nano-particles in terms of 
acceleration of reaction compared to others. This can be attributed to their ability to accelerate 
hydration reactions of aluminate phase with high net heats of reaction. 
3.4.2 Rheology results 
Rheology measurements were taken from pastes rested 10 - 120 min after mixing. One sample 
was tested for each mix. The evolution of shear stress versus shear rate curves (down ramp) with 
hydration time of studied cement pastes is shown in Figure 3.6. The curves are recombined in 
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Figure 3.7 to show the effects of different nanomaterials on the rheological behavior of portland 
cement pastes. The effects of nanomaterials on the yield stress and viscosity calculated from the 
Bingham model are shown in Figure 3.8.  
For plain paste (100% PC), the shear stress at any shear rate increased from one measurement 
to the next over a 60-min interval, but only to a small extent. Both yield stress and viscosity slightly 
increased during this testing period. There was a noticeable increase of shear stress at any shear 
rate and the calculated yield stress between 60 and 90 min, suggesting formation of an increased 
number of solid-solid contacts. This may be due to accelerated cement hydration starting after the 
end of induction period, i.e., the first valley on the isothermal calorimetry curve at 51 min (Figure 
3.3). As hydration progressed, more hydration products formed and, since less free water was 
present, the number of solid-solid contacts increased [30], resulting in a sharp increase of shear 
stress between 90 and 120 min. 
It should be noted that at 120 min the curve shear stress versus shear rate no longer followed 
the Bingham model and neither yield stress nor viscosity could be calculated. At higher shear rates 
(> 35 s-1), shear stress slightly increased as the shear rate increased. At lower shear rates (< 35 s-
1), shear stress decreased as the shear rate increased. This transition in plain cement pastes (shear 
stress decreased as the shear rate increased) has also been observed by other researchers for low 
shear rate or at later ages (2 hours after mixing) [30]. Ancey and Coussot [44] interpreted this 
transition to be passing into a zone where the frictional forces prevail. The cement paste behaves 
at early age as a low-concentration suspension with lubrication provided by the free water. As 
hydration progresses, the number of points of contact between the particles increases and the free 
water available decreases, reducing the lubrication between particles provided by the water. As the 
cement paste is sheared at later ages, the higher shear rate is able to break direct contacts and the 
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medium forms a layer that provides lubrication [45]. As the shear rate is decreased, the contacts 
re-form, resulting in a high shear stress. 
For pastes with nano-limestone addition, the viscosity and yield stress of cement pastes were 
not significantly changed during the early test times, up to 60 min. During this period, limestone 
can be treated as inert [6, 13] and effects on paste rheology are mainly due to particle size, i.e., 
competing effects between packing behavior and interparticle forces [23, 24, 26, 46]. During this 
period, there was no clear trend on the effect of nano-limestone on paste rheology, but the addition 
of 1.5% NL decreased viscosity without significantly changing yield stress. This behavior may be 
attributed to the decreased void ratio of solid particles and increased amount of free water for 
lubrication, implying that the solid particle packing effect is dominant.  
After 60 min, the shear stress at any shear rate increased rapidly in proportion to the NL addition 
level; it is clear that hydration products were being formed and, the greater the addition of NL, the 
greater the effect on hydration, corroborating the results obtained by isothermal calorimetry. The 
distinct non-Bingham behavior observed in plain paste (i.e., at low shear rates, the shear stress 
decreased as the shear rate increased) was not observed here in pastes with NL. However, after 
120 minutes, the shear stress versus shear rate curves of pastes with 1.0% and 1.5% NL fit poorly 
to the Bingham model, and the R2 were 0.74 and 0.81, respectively. Similar to the implication of 
non-Bingham behavior of plain paste at 120 min, this may also suggest presence of a state in which 
colloidal forces between particles don’t dominate. The shear stress versus shear rate curve is a 
result of an irregularly balance between the effects of hydration and the effects of colloidal forces 
in cement pastes.   
Addition of nano-silica gradually increased viscosity in cement pastes. There was a significant 
increase in yield stress with increased nano-silica addition level as well as with hydration time. 
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Non-Bingham behavior was observed with NS but at an earlier time. After 60 min, the shear stress 
vs. shear rate relationship of paste with 1.5% NS had already cease to follow the Bingham model; 
shear stress decreased as the shear rate increased. This may be due to an early pozzolanic reaction 
in forming C-S-H particles on the surface of nano-silica, increasing solid-solid contacts and the 
connectivity of the network structure. At 90 min, the other NS mixtures showed an increase in 
yield stress and at 120 min none of them followed the Bingham model.  
Pastes with NC behaved differently. As shown in Figure 3.9, significantly higher shear stresses 
had to be applied at the beginning of the pre-shear step to initiate shearing of the NC pastes. This 
may be attributed to the needle-shaped structure of nano-clay particle with charges on its surface: 
(1) the needle-like particles of the nano-clay interweave and bridge the solid particles, increasing 
the number of physical contact points and the connectivity of the network structure [25]; and (2) 
due to surface charge effects, clay minerals can form card-house type structures [25, 28]. 
Flocculation studies have shown that clays increase floc size and flocculation strength of 
cementitious materials and result in a more strongly-flocculated structure [25]. The incorporation 
of clay materials has been widely used in minimal-compaction energy concrete to improve shape 
stability [25, 26]. 
However, after shearing had been initiated, the shear stress required at any shear rate for the 
paste with 0.5% NC was close to or even slightly lower than that of plain paste during early test 
times (up to 60 minutes), as can also be observed in the down ramp of Figure 3.7c. On the other 
hand, for the paste with 1.0% NC, the shear stress required was significantly higher than that for 
plain paste. A possible explanation could be that, at a small dosage, i.e., 0.5% NC in this case, the 
high initial shear stress is mostly due to surface charge effects and an increase in the flocculation 
strength of the cement paste. Under shearing, nano-clay particles would be arranged into their 
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preferred direction and offset the structural connections between needles [28, 47]. As a 
consequence, shear stress at any shear rate was close to that of plain paste from the down ramp. 
When the NC addition level increased to 1.0%, the number of physical contact points between 
needle-like nano-clay particles and the cement grains increased, leading to a larger yield stress. 
After 60 min, when inter-particle force bonds are gradually replaced and augmented by “cement 
hydration product” bonds, the testing protocol and the shear rates applied were not sufficiently 
high to break the structure, and rheology tests cannot continue under the current testing protocol. 
3.4.3 Vicat set time 
The measured initial and final set times of the pastes studied are also shown in Figure 3.10. 
Both initial and final setting happened during the acceleration period; this involved acceleration 
of hydration reactions and mass precipitation of the hydration products, primarily C-S-H, 
confirming that the impingement, or intergrowth, of hydration products regions from different 
cement grains is responsible for setting of cement paste [48]. The addition of nanomaterials 
shortened the time to reach initial and final vicat set. For pastes with nano-limestone and nano-
silica, the time to reach initial and final set decreased as the addition level increased. Paste with 
0.5% nano-clay addition reduced initial and final set times more than paste with 1.0% nano-clay 
addition. The extent to which the set times are reduced correlates well with the ability of 
nanomaterials to accelerate silicate phase hydration. 
3.5 Conclusions 
Early hydration kinetics and rheology behavior of cement pastes with varying types and 
amounts of nanomaterials addition have been characterized. Specifically,  
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1) The addition of all the three nanomaterials studied had an obvious hydration-accelerating 
effect; the maximum heat flow increased while the time to reach silicate and aluminate 
reaction peaks decreased.  
2) For pastes with nano-limestone and nano-silica addition, the hydration-accelerating effect 
increased with the addition level.  
3) Addition of nano-clay accelerates the consumption of sodium sulphate and the reaction of 
the aluminate phase, resulting in an earlier and more intense aluminate hydration peak. A 
0.5% nano-clay addition had a greater acceleration effect than did a 1.0% nano-clay addition.  
4) Both initial and final setting happened during the acceleration period and the addition of 
nanomaterials reduced the initial and final set times. The extent to which the set times were 
reduced correlated well with the capability of nanomaterials to accelerate silicate phase 
hydration.  
5) Before the acceleration period of hydration (60 min), the viscosity and yield stress of cement 
pastes with 0.5% and 1.0% nano-limestone addition changed little with time, but addition of 
1.5% nano-limestone decreased viscosity without significantly changing yield stress during 
this period.  
6) Addition of nano-silica gradually increased viscosity of cement pastes. There was a 
significant increase in yield stress with a nano-silica addition level as well as with increased 
hydration time.  
7) The nano-clay studied had a considerable effect on the rheological behavior of cement pastes. 
Significantly higher shear stress was required to initiate the flow.  
8) Non-Binghman (shear stress decreases as the shear rate increases) behavior was observed in 
many mixtures, especially those tested 120 min after mixing. 
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Tables: 
Table 3.1 Chemical and physical properties of cement and nano-clay. 
Chemical composition 
PC nano-clay 
(mass %) 
SiO2 20.2 49.57 
Al2O3 4.7 9.44 
Fe2O3 3.3 3.31 
SO3 3.3 - 
CaO 62.9 1.88 
MgO 2.7 8.81 
Eq. Na2O 0.54 1.02 
TiO2 - 0.42 
LOI 1.1 <0.5 
 
Physical Properties   
Specific gravity 3.15 2.62 
Blaine fineness (m2/g) 0.391 150 
 
Table 3.2 Physical characteristics of nanomaterials. 
Property NL NS 
Color White White 
Density (25 °C) 2.7 g/ml 2.2-2.6 g/ml 
Content CaCO3 > 97.5% SiO2 > 99.5% 
Particle size 15-40 nm 10-20 nm 
 
  
68 
 
Figures: 
 
Figure 3.1. Block diagram of the experimental work. 
 
            
Figure 3.2. (a) Rheological test protocol, (b) Typical shear rate vs. shear stress curve. 
 
        
Figure 3.3. Effect of nanomaterials on the early hydration kinetics of Portland cement paste.  
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Figure 3.4. Effect of nanomaterials on the heat flow peak values of cement pastes.  
 
     
Figure 3.5. Effect of nanomaterials on the time to reach heat flow peaks of cement pastes.  
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Figure 3.6. Evolution of shear stress versus shear rate curves (down ramp) with hydration time of 
studied cement pastes.  
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              (a) nano-limestone                               (b) nano-silica                                (c) nano-clay 
 Figure 3.7. Effect of nanomaterials on the rheological behavior (down ramp curves) of 
cement paste.  
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Figure 3.8. Effect of nanomaterials on the yield stress and viscosity of cement paste.  
 
   
Figure 3.9. Shear stress versus shear rate curves of cement pastes with nano-clay during pre-
shear. 
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Figure 3.10. Effect of nanomaterials on the set times of cement pastes.  
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Abstract 
 In this work, the effects of three nanomaterials, nano-limestone (NL), nano-silica (NS), and 
nano-clay (NC), on the hydration and compressive strengths of ordinary portland cement (OPC) 
with and without 30% fly ash (FA) replacement were investigated. Chemical shrinkage of the 
pastes were monitored as an indication of the hydration process. Thermogravimetric analysis 
(TGA) was used to determine the quantities of calcium hydroxide (CH) and chemically bound 
water. X-ray diffraction was conducted to identify new crystalline hydration products of the pastes. 
Regardless the types of the nanomaterials, 1% nanomaterial addition improved the compressive 
strength of both OPC and OPCFA pastes at all the ages studied (up to 28 days). It also noticeably 
increased the amount of chemically bound water in the early age pastes (before 7 days). Among 
three nanomaterials studied, NS appeared to be the most effective one in the cement hydration 
acceleration and strength improvement, possibly due to its smallest particle size and highest 
reactivity. A new hydration product, calcium hemicarboaluminate hydrate (Hc), was formed in the 
nanolimestone modified OPCFA paste (OPCFANL).  
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4.1 Introduction 
Cement-based materials are the most widely used materials in construction worldwide. The 
basic material properties include workability, mechanical properties (mainly strength), and 
durability. All these properties are closely related to cement hydration and microstructure 
development. Hydrated cement is a multiscale material, having solids and pores ranging from 
nanosizes to microsizes. Among cement hydration products, approximately 50% (by volume) is 
calcium-silicate-hydrate (C-S-H) gel. In the past decade, growing research has been conducted 
using nanomaterials to modify cement-based materials [1-5]. Research has demonstrated that 
nanoparticles can alter microstructure of cement-based materials at a nanoscale level and 
consequently improve their bulk properties and performance. Well-dispersed nanoparticles (such 
as nano-limestone, nano-silica and nano-clay) can distinctly accelerate early cement hydration, 
modify rheology properties, reduce setting times and increase the early age compressive strength 
of the cement paste even at very small dosages (< 2%) [6-10].  
There are two major mechanisms responsible for the nanomaterial modification on cement-
based materials.  First, these nanoparticles, spread in the capillary pore spaces between cement 
particles, provide additional nucleation sites for the precipitation and growth of new regions of C-
S-H gel, thus prompting the more evenly distribution of hydration products [11]. Second, 
nanoparticles can function as nanofillers, filling the spaces between cement grains, refining and 
reducing capillary pores, and immobilizing the pore water [12]. In addition, nanoparticles can 
strengthen the interfacial bonding between cement paste and aggregate [13]. Beside the physical 
effects, the contribution of nanomaterials can also be attributed to their chemical characteristics. 
Thomas et al. proposed that when nano-silica was added to cement, an early pozzolanic reaction 
would occur on the nano-silica surface to form C-S-H particles, which in turn served as nucleation 
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seeds for the formation of C-S-H hydration product (autocatalysis) [11]. Oey et al. suggested that 
not only can limestone offer a lower energy barrier than tricalcium silicate (C3S) for C-S-H 
nucleation, but it can also participate in ion-exchange during cement hydration, elevating the pH 
and hence the driving force for continuing hydrate growth [8, 14]. The excellent hydration 
accelerating efficacy of nanomaterials makes it a promising addition to eco-concrete mixes 
containing waste materials.  
Fly ash (FA), a by-product from coal combustion, has been commonly used in concrete to 
partially replace ordinary portland cement (OPC) for its environmental (reduce carbon footprint) 
and engineering benefits (reduce heat of hydration, improve concrete workability and durability). 
However, the pozzolanic reaction of FA in cement-based systems only starts significantly after 
one or more weeks [15]. The delayed setting and retarded early-age strength development (up to 
28 days) often limit the use of fly ash since 28-day strength is often specified in concrete industry. 
Nano-silica has been reported to improve early strength of concrete with fly ash as well as increase 
the pozzolanic reactivity of fly ash [16-19].  
More recently, the chemical reactivity of limestone in a cement-based system and the synergy 
between fly ash and limestone have been explored [20-25]. Experimental investigation and 
thermodynamic modeling indicated that a relatively small quantity of calcite reacted with 
aluminate hydrates from cement hydration to form hemicarbonate and monocarbonate at the 
expense of monosulphate and thus indirectly stabilizing the ettringite [24]. Weerdt et al. showed 
that this effect was more pronounced for the fly ash blended cement due to the additional alumina 
provided by the fly ash reaction [20, 25]. It was suggested that the stabilization of the voluminous, 
water rich ettringite instead of the less voluminous monosulphate can result in an increase of the 
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total volume of hydration products, which potentially might result in a decrease in porosity and 
thus an increase in strength [24, 25].  
Clay materials are increasingly used to modify thixotropy and improve shape stability in self-
consolidating concrete [26-28]. As a source of nanoparticles, non-calcined nano-clay is less 
expansive, but has been found to enhance the early hydration of portland cement paste and improve 
the mechanical properties significantly [3, 6, 29]. As nanomaterials are often selected and used for 
specific purposes, the systematic study on the comparison of different nanomaterials is still limited. 
The present work is to investigate the hydration kinetics of OPC-FA pastes modified by 
different nanomaterials and to examine how these hydration characteristics renovate compressive 
strength of these hardened cement pastes. In the study, three different nanomaterials 
(nanolimestone, nanosilica, and nanoclay) were used at small amounts (1%). Chemical shrinkage 
tests were performed to monitor the hydration process of the nanomaterial modified OPC-FA 
pastes. Thermogravimetric analysis (TGA) was used to determine the amount of cement hydration 
products, and X-ray diffraction (XRD) was used to identify the hydration products in the cement-
fly ash-nanomaterial system. 
4.2 Materials and methods  
4.2.1 Materials and mix proportions 
A Type I/II portland cement (PC), a Class F fly ash (FA), and three nanomaterials: nano-silica 
(NS), nano-limestone (NL), and nano-clay (NC) were used in this study; their important 
characteristics are summarized in Table 4.1. The major crystal phases detected by XRD in the 
studied fly ash included quartz, mullite, hematite, and magnetite. NC particles of highly purified 
magnesium alumino-silicates were supplied by Active Minerals [30]. They are chemically 
exfoliated from bulk attapulgite to remove high water demand impurities such as semectite, 
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bentonite and other swelling clays. Under shearing, NC particles break down into needle-like 
structures about 1.75 um in average length and 3 nm in average diameter [27]. 
Two series of cementitious mixes were studied, one with 30% fly ash replacement (denoted as 
OPCFA pastes) and one without fly ash replacement (denoted as OPC pastes). Each nanomaterial 
was used as an addition at the level of 1% by weight of cementitious materials. Distilled water was 
used for mixing, and the water-to-cementitious materials ratio was set to be 0.5 for all the mixes 
studied. The experimental matrix is given in Table 4.2. 
4.2.2 Dispersion of nanoparticles  
Nanoparticles tend to agglomerate due to their strong interparticle attraction (i.e. van der Waals 
forces). To achieve a homogeneous cement paste, the nano-material was first dispersed in the 
mixing water to form a nanoparticle suspension, and this nano-suspension was then used as the 
“virtual mixing water” for the mixing of cementitious materials as illustrated in Figure 4.1.  
To de-agglomerate nanoparticles and form a well-dispersed nano-suspension, high intensity 
ultrasound was used in this study [31-33]. The ultrasonication was carried out in a beaker with a 
Sonicator○R XL2020 (Qsonica, LLC., USA; frequency: 20 kHz; generating power: 600W). To 
prevent the water from heating, the beaker was kept in an ice bath, and the suspension was cooled 
to room temperature after each 3-min continuous ultrasonication (Figure 4.1). 
Additionally, the loss of water and nanomaterial during ultrasonication were compensated: (1) 
the weight of the beaker was measured before and after the ultrasonication; (2) the particles 
adhered to the probe of the ultrasonic homogenizer were washed into the nano-suspension with a 
small amount of distilled water; (3) care was taken to ensure that the weight of the beaker are the 
same before and after ultrasonication. 
 
79 
 
4.2.3 Sample preparation and test methods 
Cubic paste samples (50 x 50 x 50 mm) were prepared for compressive strength tests. Three 
samples were tested for each mix at each testing time (3, 7, and 28 days). After casting, the samples 
were left in the molds covered with wet towels and plastic sheets for 24 hours and then cured in 
saturated lime solution at 23 ± 2 °C after demolding.  
The chemical shrinkage measurement was performed in accordance with ASTM C1608 
Procedure A [34]. All paste mixes were mixed with de-aired water. A uniform water-to-
cementitious material ratio of 0.5 was used to be consistent with the other measurements in this 
study. The height of the cement paste contained in each glass vial was kept constant at 7 mm 
(approximately 7 g of cement paste). Three specimens were run for each mix, with the average 
result being reported.  
 For thermogravimetric (TGA) and X-ray diffraction (XRD) analysis, paste samples were cast 
in 24 ml sealed cylindrical polystyrene vials, demolded after 24 h, and cured in saturated lime 
solution at 23 ± 2 °C.  At 3, 7, and 28 days, crushed pieces were taken from the central part of the 
cylindrical samples and grounded into powders using mortar and pestle.  
XRD data were collected using a Siemens D500 x-ray diffractometer employing CuKα1,2 
radiation (λ = 1.54 Å) in a θ-2θ configuration. Prior to test, the hydration of the grounded powders 
was stopped via solvent exchange using isopropanol and vacuum [35]. When loaded into the 
sample holder, the powders were lightly pressed with a frosted glass side to minimize preferred 
orientation. The samples were scanned between 5 and 65 degrees. 
TGA was performed in a Discovery TGA (TA Instruments, USA) on approximately 50 mg of 
each grounded sample. The weight change of each sample was monitored as a function of the 
temperature from 17 to 1000 °C under a nitrogen atmosphere.  
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Two important quantities were calculated from TGA: the amount of chemically bound water 
(H) and the weight loss corresponding to the decomposition of calcium hydroxide (CH). First, the 
amount of chemically bound water (H) was calculated as the mass loss recorded between 105 and 
950 °C, exclusive of loss of ignition and weight loss due to decomposition of calcium carbonate: 
𝑯 = (𝒎𝟏𝟎𝟓 − 𝒎𝟗𝟓𝟎) − 𝒎𝟗𝟓𝟎 ∗ (𝒇𝒄 ∗ 𝑳𝑶𝑰𝒄 + 𝒇𝒑 ∗ 𝑳𝑶𝑰𝒑)  −  𝒎𝐋𝐝𝐜                  4.1 
where 𝑚105 and 𝑚950 are respectively the sample weights measured at 105 °C and 950 °C, fc,p 
the mass fractions of PC and FA in binder, and LOIc,p the ignition losses of PC and FA. At last,  
𝑚Ldc represents weight loss due to decomposition of calcium carbonate which occurred between 
550 and 800 °C.   
On the other hand, weight loss due to the dehydration of calcium hydroxide (CH) was 
determined from the derivative curve (DTG) with a correction for the concurrent dehydration of 
other compounds, as outlined in [36, 37], and the start and ending of each temperature interval was 
determined for each sample.  
Both CH and H contents were expressed as percentages of weight of the anhydrous ordinary 
portland cement present in the sample, with the assumption that the ignited sample at 950 °C 
contains all anhydrous cement in the case of the OPC mix and 70% cement and 30% fly ash for 
the OPCFA mix. The addition of nanomaterials was also accounted for in the calculation, with the 
assumption that 56% of the original nano-limestone, 100% of nano-silica, and 99.5% of nano-clay 
remained after ignition. For cement-fly ash pastes, the CH and H contents were also expressed as 
percentages of weight of the ignited sample.  
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4.3 Results  
4.3.1 Early hydration during the first 24 h 
During cement hydration the cement paste exerts chemical shrinkage as the volume of hydration 
products is smaller than the volume of the reactants. The amount of chemical shrinkage is believed 
directly proportional to degree of cement hydration [38]. A higher chemical shrinkage value 
mostly indicated that more hydration products are formed, or alternatively different hydrates are 
formed with even less volume relative to the reactants than the usual hydrates. The chemical 
shrinkage of the studied pastes up to 24 h after mixing has been plotted as cm3 per 100 g cement 
in Figures 4.2a and b. The reading 1 h after the paste was first mixed was used as the zero point in 
all calculations according to the standard (this allows time for the specimen to achieve temperature 
equilibrium within the water bath).  
Figure 4.2a showed that the addition of nanomaterials increased chemical shrinkage of cement 
pastes after 4 h, suggesting that more hydration products were formed, which is in agreement with 
the heat of hydration results [6]. The OPCNL paste with nano-limestone displayed the highest 
chemical shrinkage. After one day of hydration, the chemical shrinkage of the OPCNS paste was 
close to that of the OPCNL paste. Comparing the chemical shrinkage curves of the reference 
cement (OPC) paste and cement-fly ash blended (OPCFA) paste, it is noted that replacing 30% of 
cement by fly ash did not change the chemical shrinkage per cement content much in the first 8 h, 
which is as expected. During the first hours of hydration, the fly ash particles are inert and only 
act as filler. It was reported that the replacement of cement by low calcium fly ash results in an 
increase and a delay of the maximum rate of hydration per cement content [25] as measured by 
isothermal calorimetry. After one day of hydration, chemical shrinkage per cement content in the 
OPCFA paste was considerably larger than that of the OPC paste. This enhanced cement hydration 
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is generally attributed to the filler effect. For the cement-fly ash pastes, nano-limestone addition 
noticeably increased chemical shrinkage (Figure 4.2b).  Nano-silica and nano-clay addition did 
not change the chemical shrinkage much.  
It is noted that in both cement pastes and cement-fly ash pastes, nano-limestone addition 
increased chemical shrinkage the most. Previously study on the heat of hydration of the four 
cement pastes showed that the paste with nano-silica released the most heat in the first hours. 
While hydration kinetics studied by heat of hydration (isothermal calorimetry) measures the rate 
of cement or C3S consumption, chemical shrinkage reflects the formation of hydration products. 
This may indicate that nano-limestone particularly facilitate the nucleation of C-S-H. 
4.3.2 Continuing hydration up to 28 days 
4.3.2.1 Chemical shrinkage 
The chemical shrinkage of the studied pastes as cm3 per 100 g cementitious materials up to 28 
days was plotted in Figure 4.3. For measurements after one day, a lower chemical shrinkage may 
otherwise be caused by the depercolation of the capillary porosity. For the cement pastes, nano-
limestone and nano-silica addition increased the chemical shrinkage at almost all ages. The 
chemical shrinkage values in OPCNC paste and OPC paste were close. 
The OPCFA paste had a higher chemical shrinkage per cement than the OPC paste from one 
day of hydration mostly caused by the filler effect of fly ash. On the other hand, the chemical 
shrinkage per cementitious materials (cement + fly ash) of the OPCFA paste was lower than that 
of the OPC paste, indicating that the filler effect didn’t compensate for the reduction of the amount 
of hydration reactant. However, the chemical shrinkage curve of the OPCFA paste approached the 
OPC curve from 7 to 28 days (Figures 4.3a and b), and the total chemical shrinkage of the two 
pastes were about the same at the age of 28 days, i.e., the rate of hydration of the OPCFA paste 
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increased substantially during this period. This increased rate of hydration was attributed to the 
pozzolanic reaction of FA which causes a higher net volume decrease than cement hydration. The 
OPCFANL paste with nano-limestone showed higher chemical shrinkage values before 7 days, 
and lower chemical shrinkages at 28 days. Compared with the chemical shrinkage result of the 
OPCNL paste, not only the chemical shrinkage value of the OPCFA paste was reduced but also 
the rate of hydration decreased noticeably during the age of 7 to 28 days. A similar trend was 
observed for the paste with nano-clay (OPCFANC). It showed higher chemical shrinkage values 
up to 3 days and reduced chemical shrinkage values afterwards. A possible reason is that the 
hydrates formed had a strong pore filling ability, decreases in porosity and the connectivity of the 
capillary pores prevent water from permeating through the paste. Another possibility is that these 
two nanomaterials hindered the cement and fly ash hydration after 7 days. On the other hand, the 
OPCFANS paste with nano-silica addition showed higher chemical shrinkage than the OPCFA 
paste at 28 days. This will be discussed later.  
4.3.2.2 Changes in the hydration products by XRD 
X-ray diffraction patterns for the cement and cement-fly ash pastes are presented in Figures 4.4 
and 4.5. Anhydrous phases (mainly belite and ferrite) are found in the samples. The main hydration 
products are portlandite, ettringite, and ill-crystallized C-S-H by the diffusive peak at 28-33˚.  
The main difference regarding the hydration products formed in the studied pastes were found 
at low angles (8-13˚ 2θ), where the main peaks of the AFt (mostly, ettringite) and AFm (mainly 
hydroxy-AFm, hemicarbonate, monocarbonate and monosulfate) phases were found. As indicated 
in the literature, AFm phases have generally low crystallinity and variations in composition that 
lead to changes in position and intensity reflections in the XRD patterns [39].  
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After 3 days of hydration, ettringite (9.1˚ 2θ) were observed in all samples. In the absence of 
limestone, ettringite reacts with the remaining aluminates to form monosulfate (9.9˚ 2θ) after all 
gypsum was consumed. In the limestone containing pastes, monocarbonate (11.7˚ 2θ) and 
hemicarbonate (10.8˚ 2θ) were suggested to form instead of monosulfate. Small peaks representing 
hemicarbonate (Hc) could be observed in the OPCNL paste at 3 and 7 days. At 28 days, a broad 
peak located around 10.4˚ (between the peaks of monosulfate and hemicarbonate) was observed 
in the OPCNL paste, which might be associated with a carbonate and sulfate containing hydroxy-
AFm.  
In the cement-fly ash blended pastes, a hemicarbonate peak is clearly visible in the OPCFANL 
paste at 28 days (Figure 4.6). XRD results confirmed the formation of hemicarbonate in limestone-
containing pastes and suggested that the reaction between limestone and aluminate phases was 
more pronounced in fly ash blended pastes at 28 days. 
4.3.2.3 Analysis of TG and DTG curves  
Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of the samples after 
3, 7, and 28 days of hydration are shown in Figures 4.7 and 4.8. In the cement pastes without fly 
ash replacement, the peak at about 80 ˚C in the DTG curves, partially due to the decomposition of 
ettringite, is larger in nano-limestone modified paste, showing that nano-limestone seems to 
stabilize ettringite. The nano-limestone modified pastes displayed a small bump at around 125 ˚C 
at 3 days, and this bump developed into a clear peak at 7 and 28 days, which might be associated 
with the decomposition of hemicarbonate AFm phase. Correspondingly, the other pastes displayed 
a peak at around 155 ˚C at 7 and 28 days which might be associated with the decomposition of 
monosulfate AFm phase. At 3 days, a vague bump at around 155 ˚ C could be observed in the nano-
silica and nano-clay modified pastes. 
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Similar observations can be made when 30% of portland cement was replaced by fly ash. It is 
noted that the peaks relating to the AFm phases (hemicarbonate and monosulfate) are not clear in 
the cement-fly ash pastes until 28 days. 
4.3.2.4 Amount of chemically bound water and calcium hydroxide 
The variations of calcium hydroxide (CH) and chemically bound water (H) contents with age 
for the studied pastes are shown in Figures 4.9 and 4.10, respectively. For cement-fly ash blended 
pastes, the CH and H contents are expressed as percentages both of weight of the ignited sample 
and weight of the anhydrous cement in the sample. Chemically bound water is split into two 
components: water held by calcium hydroxide (CH-water) and water held in other hydration 
products (H-water).   
H% increased with the increase of curing age for all hydrated cement pastes. This is mainly due 
to the continuous hydration of cement grains leading to the formation of hydration products, which 
deposited in the available pore space. To examine the pozzolanic reactivity of fly ash and its effect 
on cement hydration, the CH and H contents of two pates, the ordinary portland cement paste 
(OPC) and the blend paste with 30% fly ash (OPCFA), are compared. That the amount of CH per 
cement was higher in OPCFA than in OPC at 3 days indicated that the presence of fly ash 
accelerated the early hydration of cement (Figure 4.9a and b). It was suggested that the presence 
of fly ash promoted the hydration of cement grains by the augmentation of available water and the 
heterogeneous nucleation of calcium hydroxide and calcium-silicate-hydrate on the fly ash surface 
[40]. On the other hand, the amount of total chemically bound water per gram of ignited sample 
was lower in OPCFA than in OPC at all tested ages (Figures 4.10a and c), indicating that the 
acceleration effect of fly ash did not compensate for the dilution effect (reduction in the amount of 
the most reactive component, cement). After certain period of hydration, the pozzolanic reaction 
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of fly ash with Ca(OH)2 started, calcium hydroxide was consumed and C-S-H with a reduced Ca/Si 
was formed. The much larger increase in H-water/CH-water ratio (20.6%) from 7 to 28 days of 
the OPCFA paste comparing to the only 7.7% increase in H-water/CH-water ratio of the OPC 
paste indicated that fly ash reacted to consume calcium hydroxide and form C-S-H hydrates during 
this period (Figures 10a and b). However, the CH content in OPCFA still increased by 4.9% from 
7 to 28 days suggesting that the calcium hydroxide consumed by fly ash was less than that 
produced by cement hydration during this period (Figure 4.9b).  
When 1% nanomaterials were added to the portland cement (OPC) paste, increases in both the 
chemically bound water and calcium hydroxide contents were observed at 3 days (Figures 4.9a 
and 4.10a). This mostly may be attributed to the heterogeneous nucleation accelerating effect of 
nanoparticles. The OPCNS paste modified with nano-silica displayed the highest CH% and H% at 
this time. This may suggest that at this time, rate of Ca (OH)2 liberation enhanced by the addition 
of nano-silica was much higher than the rate of consumption by pozzolanic reaction with nano-
silica.  
At 7 and 28 days, nano-limestone and nano-silica increased the amount of total chemically 
bound water, probably resulting from their continuous nucleation accelerating effects. H-water 
content increased while water from calcium hydroxide tended to decrease (Figures 4.9a and 4.10a). 
This may due to (1) depression in the hydration reaction of C2S and C3S, and acceleration in the 
hydration of aluminate phases, and (2) the consumption of calcium hydroxide and the formation 
of new hydration product. In the paste with limestone, previous research had suggested that 
calcium hydroxide can intervene in systems containing calcium carbonate and tricalcium 
aluminate to form a calcium hemicarboaluminate hydroxide (C3A∙0.5 CaCO3∙0.5 Ca(OH)2∙11.5 
H2O) [21, 22, 41]. This may be the case for the OPCNL paste with nano-limestone at 7 days. The 
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existence of hemicarboaluminate at 7 days in the OPCNL paste was confirmed in the TGA curves. 
In the nano-silica modified OPCNS paste, it is suggested that nano-silica reacted with calcium 
hydroxide to form C-S-H hydration product. The reactivity of nano-silica was confirmed by the 
considerably increment in the H-water content. Nano-clay addition also increased chemically 
bound water content and decreased calcium hydroxide content at 7 days. One possible explanation 
is that this nano-clay also displayed pozzolanic reactivity. The chemically bound water content in 
the OPCNC paste at 28 days was close to that of the OPC paste.  
In the fly ash blended pastes, similar observations were made when 1% nanomaterial was added 
(Figures 4.9b and 4.10b), but more pronounced. It is noted that the pozzolanic reaction in the 
OPCFANS paste was more pronounced at early ages. At 3 days, nano-silica was the least effective 
in increasing the calcium hydroxide content, while it was the most effective in increasing the 
chemically bound water content. This implied that the early age pozzolanic reaction in the 
OPCFANS paste was significantly activated at early ages. Besides, the reduction in the CH-water 
caused by nano-limestone addition at 28 days was more significant in the presence of fly ash, 
probably due to the additional alumina provided by the late fly ash reaction. 
4.3.3 Compressive strength  
The compressive strengths of ordinary portland cement and cement-fly ash blended pastes with 
and without nanomaterial at 3, 7, and 28 days are presented in Figures 4.11a and b. Each 
compressive strength value was the average of three samples. The replacement of 30% of cement 
with fly ash led to a decrease in compressive strength at all tested ages, especially at 3 days. It can 
be seen that regardless their types, addition of 1% nanomaterial increased the compressive strength 
of portland cement and cement-fly ash pastes at all tested ages. The increase appeared more 
substantial at the age of 7 days, especially for cement-fly ash pastes. This is consistent with some 
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previous research, which had found that nano-silica clearly improved the early-age strength (before 
7 days) of OPCFA systems, but the strength gain diminished at later ages (after 28 days) [19]. It 
can also be observed that among three types of nanomaterials studied, addition of 1% nano-silica 
improved the strength of both cement pastes and cement-fly ash pastes the most at almost all ages. 
4.3.4 Effects of cement hydration characteristics on paste strength 
Cement hydration contributes to concrete strength in two major ways: (a) providing cementing 
property to bond particles together and (b) filling spaces between particles in the system. The 
cementing property is mainly resulting from C-S-H gel. The TGA test results from the present 
study have shown that the addition of 1% nanomaterials, regardless their types, increased H-water 
or C-S-H content for both cement and cement-fly ash pastes at all ages (Figure 4.10), thus 
enhancing the strength of the pastes with nanomaterials (Figure 4.11). As discussed previously, 
the increased H-water or C-S-H content is largely attributed to the nucleation effect of the 
nanoparticles.  
It can be observed in Figures 4.10a and b that at the age of 28 days, the amount of H-water and 
the total chemically bounded water in the pastes with nano-silica (OPCNS and OPCFANS) were 
lower than those in the pastes with nano-limestone (OPCNL and OPCFANL). However, the 
strength of the pastes with nano-silica is higher than the pastes with nano-limestone. This may be 
attributed to the smaller size of nano-silica particles (10-20 nm), compared with 15-40 nm for 
nano-limestone particles. The nano-silica particles have a stronger hydration accelerating ability 
and pozzolanic reactivity which result in more C-S-H hydration products. This effect is even more 
pronounced in the presence of fly ash. On the other hand, nano-limestone is confirmed to react in 
cement pastes as early as 3 days and to result in a larger volume of the hydration products then the 
reference paste. Perhaps more important is the possible relationship of this structure to 
89 
 
permeability and transport properties, suggesting more research. In the presence of fly ash, the 
additional aluminates brought into the system by fly ash due to its pozzolanic reaction at 28 days 
amplify the reaction of nano-limestone. 
4.4 Conclusions 
The effect of three nanomaterials, nano-limestone (NL), nano-silica (NS), and nano-clay (NC) 
on the hydration and strength development of ordinary portland cement pastes and cement-fly ash 
blended cement pastes were investigated. The following conclusions can be drawn: 
1. Regardless the types of nanomaterials, 1% nanomaterial addition improve the compressive 
strength of both cement and cement-fly ash pastes at all ages studied (up to 28 days). Among three 
nanomaterials studied, NS appeared to be the most effective one in the strength development, 
possibly due to its smallest particle size and highest reactivity.  
2. Chemical shrinkage and thermogravimetric analysis (TGA) results indicated that FA 
replacement for cement accelerated cement hydration while having a dilution effect. From 7 to 28 
days, fly ash started to react and consume calcium hydroxide. When 1% nanomaterials were added 
to the cement or cement-fly ash paste, the amounts of both CH-water and H-water increased, 
indicating that the nanomaterials accelerated cement hydration. This acceleration effect resulting 
from nanomaterial additions was more profound for the OPCFA pastes.  
3. For the cement pastes, nanomaterial addition generally increased chemical shrinkage 
values, which confirmed the hydration acceleration effects of nanomaterials. However, for the 
cement-fly ash paste, only nano-silica addition increased chemical shrinkage of the paste at all 
ages tested. At 28 days, the nano-limestone and nano-clay additions actually reduced chemical 
shrinkage value of the pastes. This implied that in these pastes, the permeation of water was 
inhibited.  
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4. TGA and XRD results confirmed that nano-limestone reacted in the hydrated pastes to 
form new hydration products which consumed calcium hydroxide. In the presence of fly ash, the 
reaction between nano-limestone and the aluminate phases was amplified at 28 days, probably due 
to the additional alumina provided by the late fly ash reaction. 
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Tables: 
Table 4.1 Chemical composition (wt. %) and physical characteristics of materials used in this 
study. 
 
 
Table 4.2 Mix proportions for the studied cementitious pastes in wt. % 
Mix ID PC FA NL NS NC 
OPC 100 - - - - 
OPCNL 100 - 1 - - 
OPCNS 100 - - 1 
 
OPCNC 100 - - - 1 
OPCFA 70 30 - - - 
OPCFANL 70 30 1 - - 
OPCFANS 70 30 - 1 
 
OPCFANC 70 30 - - 1 
 
  
Chemical composition 
 
PC FA NC NL NS 
(wt.%) 
SiO2 20.20 46.00 49.57   
Al2O3 4.70 17.80 9.44   
Fe2O3 3.30 18.20 3.31   
SO3 3.30 2.59 -   
CaO 62.90 8.40 1.88   
MgO 2.70 0.95 8.81   
Na2O - 0.59 0.59 CaCO3 > 97.5% SiO2 > 99.5%  
K2O - 2.16 0.66  amorphous 
Eq. Na2O 0.54 2.01 -   
P2O5 - 0.11 -   
TiO2 - 0.93 0.42   
SrO - 0.03 -   
BaO - 0.05 -   
LOI 1.10 1.49 <0.50   
Physical Properties      
Specific gravity 3.15 2.51 2.62 2.70 2.30 
Specific surface area  391 310 150 - - 
 (Blaine, m2/kg) (BET,  m2/g)   
Particle size (BET, nm) - - - 15-40 10-20 
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Figures: 
 
Figure 4.1. Diagram illustration of the mixing process. 
 
      
Figure 4.2. Chemical shrinkage relative to the cement content during the first 24 h for (a) cement 
pastes and (b) cement-fly ash pastes. 
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Figure 4.3. Chemical shrinkage relative to the cementitious materials content up to 28 days for 
(a) cement pastes and (b) cement-fly ash pastes. 
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Figure 4.4. X-ray diffraction patterns for (a) cement pastes at 3 days, (b) cement-fly ash pastes at 
3 days, (c) cement pastes at 7 days, (d) cement-fly ash pastes at 7 days, (e) cement pastes at 28 
days, (f) cement-fly ash pastes at 28 days. 
a 
c 
e 
b 
d 
f 
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Figure 4.5. Diffraction patterns with peak assignments for the ordinary portland cement paste 
(OPC) and the cement-fly ash blended paste (OPCFA) at 3 days. 
 
 
Figure 4.6. X-ray diffraction patterns for the cement paste with nano-limestone (OPCNL) and 
cement-fly ash paste with nano-limestone (OPCFANL) at 28 days. 
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Figure 4.7. The thermogravimetric (TG) curves for cement and cement-fly ash blended cement 
pastes with and without nanomaterials. 
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Figure 4.8. The differential thermogravimetric (DTG) curves for cement and cement-fly ash 
blended cement pastes with and without nanomaterials. 
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Figure 4.9. The calcium hydroxide (CH) contents for (a) nanomaterial modified ordinary 
portland cement pastes and (b) and (c) nanomaterial modified cement-fly ash blended cement 
pastes after 3, 7, and 28 days of curing. 
 
     
Figure 4.10. The chemically bound water (H) contents for (a) nanomaterial modified ordinary 
portland cement pastes and (b) and (c) nanomaterial modified cement-fly ash blended cement 
pastes after 3, 7, and 28 days of curing. Chemically bound water was split into two components: 
water held by calcium hydroxide (CH-water) and water held in other hydration products (H-
water). 
 
                          
Figure 4.11. The compressive strength after 3, 7, and 28 days of curing for (a) ordinary portland 
cement pastes, and (b) fly ash blended cement pastes. 
  
a b 
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Abstract 
In this work, the effects of nano-limestone (NL) and nano-silica (NL) on the pore structure and 
drying shrinkage of portland cement pastes with and without 30% fly ash (FA) replacement were 
investigated. Cement pastes were prepared with a water-to-cementitious material ratio (w/cm) of 
0.5, and nanomaterials were incorporated into these pastes as an addition at the level of 1% (by 
wt. of cementitious materials). After 7 and 28 days of curing, stepwise drying-shrinkage tests were 
performed on thin disc paste samples (with a diameter of 25 mm and thickness of 0.80 mm). The 
disc samples were dried from the saturated surface dry condition (100% RH) to 33% RH and then 
re-saturated to 100% RH. Pore structures of the samples were examined using nitrogen adsorption 
tests. The effects of pore size and volume on the total, reversible, and irreversible drying shrinkage 
of the pastes were then analyzed. The results indicate that additions of the nanomaterials increased 
the specific surface area and the amount of gel pores (2-10 nm) in the early age (7 days) cement 
pastes. At 28 days, addition of nano-silica continued to increase the specific surface area and the 
amount of gel pores, especially in the fly ash blended paste. However, addition of nano-limestone 
reduced the specific surface area and the total amount of pores (2-100 nm) at 28 days, especially 
in the portland cement paste. An additional signature pore peak located around 18 nm was observed 
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in the nano-silica modified and 28-days fly ash blended pastes. Additions of nano-silica generally 
increased the total shrinkage of cement pastes. However, addition of nano-limestone sometimes 
reduced drying shrinkage, especially for the later age cement pastes. The shrinkage in each relative 
humidity range was found to be dependent on the volume of pores evaporate in the corresponding 
RH range and the resistance of the paste to deformation, especially at 7 days. Nanomaterial 
additions and extended curing increased reversible drying shrinkage, which suggests that the 
volume of gel (2-10 nm) pores appeared more closely related to reversible shrinkages. The 7-day 
OPCFA pastes were more prone to irreversible drying shrinkage, especially with the addition of 
nanomaterials.  
5.1 Introduction 
Nanoparticles are increasingly used in cement-based materials for the improvements of 
concrete workability, mechanical properties, and durability. Research has indicated that well 
dispersed nanoparticles can act as nucleation sites for crystallization of cement hydrates, thus 
accelerating cement hydration, and they can serve as a filler to fill the pores between cement grains, 
thereby refining pore structure and immobilizing free pore water [1]. However, as more hydration 
products form and more pores are refined, smaller radii of water menisci will form between solid 
particles when concrete is subjected to drying. This in turn creates high capillary pressure, causes 
concrete to shrink, and sometimes leads to crack [2]. There is a great concern for shrinkage of 
concrete containing nanoparticles. 
Drying shrinkage is a volume reduction resulting primarily from loss of water in the concrete 
that is exposed to a low environmental humidity, and it is one of the most common causes of 
concrete cracking.  Water in concrete can be classified in different ways. Based on its mobility, 
water can be categorized as (a) bulk water, which is often free to move, (b) surface water, which 
103 
 
is adsorbed on the surface of pores, and (c) interlayer water, which is chemically bonded between 
the layers of calcium-silicate-hydrate (C-S-H) gel, the major hydration product of a cement paste 
[3]. Based on the sizes of the pores that it stays, water can be sorted as (a) capillary water, in pores 
with sizes ranging approximately from 10 nm to 10 um, (b) gel water, in pores with sizes ranging 
approximately from 0.5 nm to 10 nm, and (c) interlayer water, in the C-S-H gel spaces mostly less 
than 0.5 nm [4].   
A hydrated cement paste consists of mostly capillary pores, namely the unfilled spaces between 
cement grains. Large capillary pores (>50 nm) are mainly filled with bulk water when concrete is 
under a saturated condition, where the portion of surface water is small. When saturated concrete 
is subjected to drying (relative humidity (RH) <100%), bulk water can easily and freely evaporate 
without producing menisci and causing cement paste to shrink. As pore sizes decrease, surface 
water becomes a significant portion of the total water in pores. In the pores are partially water-
filled, adhesion of water to the walls of the pores is larger than the cohesion of water molecules, 
thus producing an upward force on the edges of the water and generating a concave meniscus (the 
interface between water and air). When such water evaporates, tension builds up in the remaining 
water.  This induces a capillary tension and exerts a compression on the walls of the pores, thus 
bringing about concrete volume change. Based on the Kelvin’s and Laplace’s laws, the capillary 
tensile stress increases as the pore size decreases [5]. When water in medium capillary pores (10 
nm - 50 nm) evaporates (usually under a high RH, around 85%), moderately strong menisci 
produces, and shrinkage of the cement paste becomes significant. When water in small gel pores 
(2.5 nm -10 nm) vaporizes (under a RH close to 50%), strong menisci produces under a strong 
capillary tension, and shrinkage of the cement paste becomes much more significant. The 
shrinkage resulting from the evaporation of water in pores ≥2.5nm may be reversible upon 
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resorption of moisture [3]. However, research also suggested that capillary pressures could not 
exist below about 40% RH because the liquid/vapor menisci would become unstable below such 
a low RH. Therefore, the water adsorbed on the surfaces of micro-gel pores (0.5 nm-2.5 nm) is 
generally non-evaporable due to the intermolecular interactions. When it is removed by a strong 
drying force (RH=11-35%), surface energy of the C-S-H gel solid increases. To minimize the 
surface energy, a compression will be exerted to the surrounding C-S-H gel solid and causes the 
C-S-H gel to shrink. Finally, the chemically bonded water in the C-S-H interlayer spaces (<0.5 nm) 
can only be removed by a thermal treatment (under RH<11%). Shrinkage resulting from water 
removal in the pores 2.5 nm is often considered as irreversible [4].  
Although the concept of the effect of concrete pore size on concrete shrinkage is well accepted, 
quantitative models relating bulk concrete shrinkage with pore sizes are rarely reported.  
According to Thomas and Jennings [6], it is an often-argued and seldom-resolved issue. It is not 
clear if only bulk water, adsorbed water, or other water would be evaporated under a given RH 
and whether or not the evaporation of adsorbed water is truly reversible.  Furthermore, as use of 
nanoparticles in concrete materials is still in its infancy, limited work has been conducted on the 
shrinkage behavior of nanoparticle-modified concrete. In the present study, the effects of nano-
limestone and nano-silica on the drying shrinkage and pore structure of cement pastes containing 
fly ash are studied. The reversible and irreversible drying shrinkage behaviors of the cement pastes 
are analyzed, and their relationships with cement paste pore structure are explored. 
5.2 Materials and methods  
5.2.1 Materials and mix proportions 
The cementitious materials used in the present study were Type I/II ordinary portland cement 
(OPC) and Class F fly ash (FA). Two nanomaterials, nano-silica (NS) and nano-limestone (NL), 
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were also incorporated into the cementitious system.  The chemical and physical properties of the 
cementitious and nanoparticle materials are summarized in Table 5.1.  
In the cement pastes studied, fly ash was used as an OPC replacement, while nanoparticle 
materials were used as an addition at the level of 1% by weight of cementitious materials. Distilled 
water was used for mixing, and the water-to-cementitious materials ratio (w/cm) was 0.5. Table 
5.2 presents the proportions of the paste mixes evaluated. 
5.2.2 Mixing procedures 
 Nanoparticles tend to agglomerate due to their strong interparticle attraction (i.e. van der Waals 
forces). To de-agglomerate nanoparticles and achieve a well-dispersed nanomaterial suspension, 
high intensity ultrasonication was used in this study [7-9]. As illustrated in Figure 5.1, to achieve 
a homogeneous cement paste, the nanomaterial was first dispersed in mixing water to form a nano-
suspension using ultrasonication, and this nano-suspenstion was then used as “virtual mixing water” 
for the mixing of cementitious materials according to ASTM C1738, Standard Practice for High-
Shear Mixing of Hydraulic Cement Pastes.   
The ultrasonication was carried out in a beaker with a Sonicator○R XL2020 (Qsonica, LLC., USA; 
frequency: 20 kHz; generating power: 600W). To prevent the water from heating, the beaker was 
kept in an ice bath, and the suspension was cooled to room temperature after each 3-min continuous 
ultrasonication (Figure 5.1). Additionally, the losses of water and nanomaterial during 
ultrasonication were compensated through three steps: (1) the weight of the beaker was measured 
before and after the ultrasonication; (2) the particles adhered to the probe of the ultrasonic 
homogenizer were washed into the nano-suspension with a small amount of distilled water; and 
(3) care was taken to ensure that the weight of the beaker are the same before and after each 
ultrasonication. 
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5.2.3 Sample preparation  
Cylinder samples (25 mm in diameter and 50 mm in height) were first cast in polystyrene vials 
sealed in airtight containers, and submerged in a 24 °C water bath. After 24 hours, the samples 
were demolded and cured at room temperature (24 ± 3 °C) in an airtight container filled with lime-
saturated water. After cured for 7 and 28 days, samples were removed from the limewater and the 
middle parts of the samples were used for pore structure analysis and drying shrinkage tests.  
5.2.4 Pore structure analysis 
Nitrogen adsorption was chosen to study the pore structure in this study because it depicts the 
range of pores that are well related to drying shrinkage of the cement pastes. To perform nitrogen 
adsorption tests, samples were first ground to particle sizes in the range of 600 (No.30 sieve) to 
1180 um (No.16 sieve) and then dried using a D-drying apparatus that consisted of a vacuum 
desiccator and was connected to a trap held at the temperature of dry ice (–79 °C) according to the 
method of Copeland and Hayes [10]. Samples were dried as they reached the equilibration to the 
vapor pressure of water at the temperature of dry ice (5 X 10-4 torr). Two tests were run for a given 
type of samples. As illustrated in Figure 5.2, the D-drying was performed using a desiccator 
evacuated by a vacuum pump with a water vapor pressure of 5×10 -4 Torr and stored in a dry ice-
alcohol bath at a temperature of -79 °C. To prevent samples from carbonation, the desiccator was 
opened in a ‘‘Nitrogen glove box” when samples were removed from the desiccator. Samples were 
tested immediately after D-drying so that the measurements would not be affected by the storage 
time and conditions [11].  
After the D-drying, the paste samples (approximately 0.8-1.0 g in weight [12]) were then 
analyzed for pore size distributions using a nitrogen surface area analyzer (Micromeritics ASAP 
2020). The device measures the amount of liquid nitrogen adsorbed by the tested material across 
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a wide range of relative pressures (p/p0) with time at a constant temperature. Conversely, it also 
measures the amount of liquid nitrogen desorbed when gas removed as pressure is reduced. The 
hysteresis between the adsorption and desorption isotherms can then be obtained. 
To start the test, the samples were first degassed at 313K for at least 6 hours under a vacuum of 
5*10-2 torr.  The aim of degas is to eliminate most of the species physisorbed onto the sample (e.g. 
water vapor and CO2 in the air, etc.) and to make the surface clean for gas adsorption [13]. During 
the test, an incremental pressure was applied to the tested material and then removed to zero. The 
corresponding amount of nitrogen absorbed and desorbed was recorded. Porosities and pore size 
distribution of the tested samples were calculated by the Barret, Joyner and Hallenda (BJH) method 
from both the adsorption and desorption isotherm. Surface areas were calculated by the Brunauer, 
Emmett and Teller (BET) method over a relative pressure range of 0.05–0.25 on the adsorption 
isotherm. 
5.2.5. Stepwise drying-shrinkage test 
In conventional drying shrinkage tests, relative large specimens are often used. Drying 
shrinkage strains of these specimens are often obtained under strong hydric gradients. As a result, 
shrinkage is not truly one-dimensional length change, and a moisture gradient across a specimen 
may occur and result in subsequent differential shrinkage, which may subsequently cause surface 
cracking and alter the bulk shrinkage response. To minimize this effect, very thin samples are used 
in this study. The equilibrium drying experiments were conducted according to the method 
proposed by Roper and Jennings [14, 15], wherein weight loss and shrinkage were measured 
simultaneously.  
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To perform the test, thin (0.80 mm) discs were sliced from the 25 mm x 50 mm cylinder samples 
using a water-lubricated diamond wire. Four discs were tested for each paste mix. Three lines were 
drawn across the diameter of each sample for shrinkage measurements (Figure 5.3).  
Initially, saturated discs were measured for their weights and diameters and then placed in 
sealed desiccators (Figure 5.3). Drying shrinkage of the samples occurred when the samples were 
placed into different desiccator with different RH.  As shown in Table 5.3, the RH of desiccators 
changed from 100% to 84%, 54%, and 33% when different type of salt solutions were placed in 
the desiccators. All desiccators were filled with nitrogen gas to prevent carbonation, and the 
temperature was maintained at 22 ± 3 °C. At regular time intervals, the tested paste discs were 
weighed, and their diameters were measured using a micrometer. Only when the sample diameter 
and weight measurements are stabilized in one desiccator with a given RH, the sample discs will 
be moved to the desiccators containing the next-level RH. It is assumed that very little hydration 
continues during the drying period as the rate of water loss is fast, effectively halting further 
hydration [16, 17]. Irreversible drying shrinkage was then determined by re-saturating the 
specimens step-by-step and the last step was placing specimens in limewater. The drying regime 
used is demonstrated in Figure 5.4, where the total shrinkage under drying as well as reversible 
and irreversible shrinkage after rewetting are also illustrated. 
5.3 Results and discussions 
5.3.1 Pore structure analysis  
5.3.1.1 Adsorption-desorption isotherms 
The adsorption-desorption isotherms of the studied pastes are presented in Figure 5.5. All 
studied pastes give Type II isotherms, which exhibit Type H3 hysteresis. This isotherm shape can 
be designated as a Type IIb isotherm [12]. Such an isotherm shape indicates that the material 
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contains both mesopores (pores of widths between 2 nm and 50 nm as per IUPAC classification), 
which is responsible for the hysteresis loop and macropores (pores with widths exceeding about 
50 nm), which results in the absence of the plateau at high relative pressures like mesoporous Type 
IV isotherms and the steep loops near saturation pressure (0.98-1.00 p/p0). 
One distinctive feature of the H3 hysteresis is the “forced closure” of the hysteresis loop which 
is due to a sudden drop in the quantity adsorbed along the desorption branch in the p/p0 range 
(0.41-0.48). This characteristic step down, originating from the existence of “ink-bottle” pores 
(wide pores with narrow entrance), was often discussed within the framework of the tensile 
strength effect (TSE) hypothesis [17]. During desorption, the “ink-bottle” pores can only empty 
via narrow necks and accordingly will empty at lower pressures. The TSE hypothesis states that a 
liquid (capillary) can exist in the pores only if the capillary tension under the meniscus (which is 
given by the Kelvin Laplace equation) does not exceed the tensile strength of the liquid, which is 
often thought to be exhausted at no less than 45% of the saturation pressure, if not much higher. 
When the critical pressure (p/p0) is reached, the meniscus collapses and the pores are immediately 
emptied.  
In the event of the tensile strength effect, pore structure analysis obtained from the desorption 
branch of the isotherm can greatly underestimate the average pore radius, and the adsorption 
isotherm can give a better approximation of the pore structure. Therefore, pore structure data 
obtained from the adsorption branch was used in this study to discuss the effects of nanomaterials 
on the pore structure. On the other hand, pore structure data obtained from desorption isotherm 
was used to relate the pore structure to the drying shrinkage behavior of cement pastes, since drying 
itself is a desorption process during which “ink-bottle” pores empty through the neck. 
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5.3.1.2 BET Specific surface area 
Surface areas are calculated by the Brunauer, Emmett and Teller (BET) method over a relative 
pressure range of 0.05–0.25 on the adsorption isotherm. The results are presented in Figure 5.6. 
For all measurements, the determined C-values fall with the range of 70-100 and the linearity 
coefficient R2 were larger than 0.9999.  
It should be noted that the main hydration products (>100 m2/g) have very much greater specific 
surface areas than unhydrated cement (<1 m2/g). Consequently, almost immediately after 
hydration begins, the surface contributed by the unhydrated cement becomes negligible. As shown 
in Figure 5.6, at the age of 28 days, the specific surface area of all pastes increased when compared 
with that of the corresponding pastes at 7 days. These increases were attributed to the continued 
cement hydration. More C-S-H were formed with “intrinsic” gel porosity, and the other hydration 
products (mainly portlandite, ettringite and AFm phases) also have greater specific surface areas 
than cement grains. 
Comparing the specific surface areas of OPC and OPCFA pastes without nanomaterial 
additions in Figure 5.6, it is noted that at the age of 7 days, the specific surface are of the OPCFA 
paste was only slightly lower than that of the OPC paste. While the total amount of hydration 
product of the OPCFA paste is noticeably lower than that of the OPC paste at this time, the amount 
of calcium silicate hydrate (C-S-H) accessible to nitrogen is close in these two pastes. This may 
suggest that a larger portion of low density calcium silicate hydrate (LD C-S-H) was formed in the 
OPCFA paste, probably due to the relatively more space available for the hydration products to 
form in. On the other hand, at the age of 28 days, the specific surface are of the OPCFA paste was 
noticeably lower than that of the OPC paste, which is in accordance with the lower amount of 
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hydration products in the OPCFA paste. At this time, the main hydration product in the OPCFA 
paste is C-S(A)-H.  
Figure 5.6 shows that nanomaterial additions increased the specific surface area of both portland 
cement pastes and cement-fly ash pastes at the age of 7 days. This might result from the 
combination of the hydration acceleration effect and high specific surface area of the nanomaterials 
(in the same order of the hydration products), the latter of which reflects the filling effects of 
nanomaterials. Both portland cement pastes and cement-fly ash pastes with nano-silica addition 
displayed the highest specific surface area, which is in agreement with some previous studies [18] 
and the fact that nano-silica has a smaller particle size range (10-20 nm, Table 5.1) and high 
pozzolanic reactivity. Moreover, in the nano-silica modified pastes, C-S-H with a lower Ca/Si was 
formed which may possess a higher specific surface area. 
Similar to what was observed on the pastes cured for 7 days, NS addition increased the specific 
surface area of both OPC and OPCFA pastes with no nanomaterial at 28 days. However, when 
compared with the paste with no nanomaterial, NL decreased the specific surface area of pastes at 
28 days, especially the OPC paste. This implies that the addition of nano-limestone to an OPC 
paste might impair cement hydration at a later age (28 days). Another possible explanation is that 
a higher portion of high density calcium silicate hydrate (HD C-S-H) was formed in the OPCNL 
paste at 28 days. 
5.3.1.3 BJH cumulative pore volume and pore size distribution 
Pore structure data were calculated by the Barret, Joyner and Hallenda (BJH) method from both 
the adsorption and the desorption isotherm. The pore diameter ranges from 2 nm to 100 nm, and 
the amount of those pores are primarily related to the degree of cement hydration. This porosity is 
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broken down into various pore size components as shown in Figures 5.7 and 5.8. Differential pore 
size distributions of the studied pastes are shown in Figures 5.9 and 5.10. 
As shown in Figures 5.7a and b, at the age of 28 days, the total pore volume and the pore volume 
in each individual size ranges of all pastes increased when compared with that of the corresponding 
pastes at 7 days. The only exception is the OPC paste without nanoparticles, i.e., the amount of 
pores in the range of 50-100 nm decreased from 7 to 28 days in the OPC paste. Figure 9a showed 
a significant peak between 50–60 nm in the 7-day OPC paste. This peak was not shown in the 28-
day OPC paste. 
It can also be observed from Figures 5.7a and b that for the pastes without nanomaterials, the 
total pore volume of the OPC paste was larger than that of the OPCFA paste at both 7 and 28 days. 
At 7 days, the OPC paste had a comparable pore volume in the range of 2-10 nm, a smaller pore 
volume in the range of 10-50 nm, and a larger pore volume in the range of 50-100 nm, comparing 
to the OPCFA paste. Differently, at 28 days, the OPC paste had larger pore volumes in all size 
ranges, comparing to the OPCFA paste.  
The addition of nanomaterials generally increased the total pore volume of both OPC and 
OPCFA pastes at the age of 7 days. For the pastes made with OPC and cured for 7 days (Figure 
5.7a), addition of 1% of nanomaterials noticeably increased the amount of pores in the range of 2-
10 nm (gel pores) and 10-50 nm. This suggests that addition of these nanomaterials increased 
cement hydration, or C-S-H gel formation. It is noted that the volume of pores in the range of 50-
100 nm reduced (Figure 5.7a) and the significant peak between 50–60 nm (Figure 9a) in the 7-day 
OPC paste disappeared when 1% nanomaterials were added to the paste. This strongly evidenced 
that nanomaterial addition had modified/refined the paste pore structures. Similar to what was 
observed on the 7-day OPC pastes, addition of nano-limestone and nano-silica clearly increased 
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the amount of gel pores (2-10 nm) for the pastes made with 70%OPC-30%FA and cured for 7 days 
(Figure 5.7a), suggesting the formation of more C-S-H gel products. However, nano-silica 
increased the volume of pores in all size ranges while nano-limestone did not change the volume 
of pores in the range of 10-100 nm much for the 7-days OPCFA paste.  
For the OPC pastes cured for 28 days (Figure 5.7b), addition of nano-limestone reduced the 
amount of pores in all size ranges, consequently, the total pore volume of the paste with nano-
limestone was lower than that of the OPC paste with no nanomaterial. This is in accordance with 
the BET specific surface area results and suggest that the addition of nano-limestone to an OPC 
paste might impair cement hydration at a later age (28 days). Differently, addition of nano-silica 
reduced the amount of pores with a size larger than 30 nm but increased the amount of pores in 
the range of 4-10 nm and 10-30 nm. Consequently, the total pore volume of the OPC paste with 
1% nano-silica was the same to that of the OPC paste with no nanomaterial at 28 days. It should 
be noted that the 28-days OPC paste with nano-silica addition had a distinctive adsorption-
desorption isotherm (Figure 5d), the hysteresis loop is larger and the drop in the desorption 
isotherm is sharper. This indicates that nano-silica increased the amount of “ink-bottle” pores in 
the 28-day OPC paste. Wider pores only empty via narrow necks and accordingly will empty at 
lower pressures. As shown in Figure 5.8b, nano-silica significantly increased the amount of pores 
in the range of 2-4 nm and 4-10 nm while significantly decreased the amount of pores in the range 
of 10-30 nm, 30-50 nm, and 50-100 nm.  
For the OPCFA pastes made with 70%OPC-30%FA and cured for 28 days (Figure 5.7b), the 
addition of nano-limestone slightly reduced the total pore volume when compared with the paste 
having no nanomaterial. Different to what was observed in the corresponding 28-day OPC pastes, 
the volume of gel pores in the range of 2-4 nm and 4-10 nm were nearly the same for OPCFA 
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pastes with and without nano-limestone addition. Again, this suggests that nano-limestone addition 
did not help hydration of the 70%OPC-30%FA paste at the age of 28 days. On the other hand, 
addition of nano-silica significantly increased the volume of pores in all size ranges for the 28-
days OPC paste, similar to that occurred in the 7-day pastes. These indicate that the combination 
of nano-silica and fly ash effectively modified/refined the paste pore structure.  
It can be seen from the differential pore size distribution curves (Figures 5.9a and b) that for 
the pastes studied, there was a signature peak in the pore size range of 3-4 nm (nano-sized gel 
pores). For the 7-day OPC paste, a significant peak was observed in the pore size range of 50-60 
nm (relatively large capillary pores), and addition of nano-limestone and nano-silica eliminated 
this peak. For the 7-day 70%OPC-30%FA paste, a significant peak around 100 nm (large capillary 
pores) was observed, and addition of nano-limestone and nano-silica eliminated this peak. These 
strongly evidenced that nanomaterial addition had modified/refined the paste pore structures. It 
can also be noticed in Figures 5.9a, b, c, and d that prolonged curing had the same effect. Curing 
can facilitate cement hydration and the hydration products filled the large capillary pores.  
Interestingly, Figures 5.9a, b, c, and d also suggests another signature peak around 18 nm (small 
capillary pores) in the nanomaterial modified pastes, especially in the nano-silica modified pastes 
at both 7 and 28 days. This signature peak was also clearly seen in the 28-day OPCFA paste. One 
possible explanation was that this peak was related to the packing of low Ca/Si C-S-H. 
5.3.2 Drying shrinkage 
5.3.2.1 Shrinkage behavior  
Figures 5.11 and 5.12 illustrate the shrinkage behavior of the pastes studied at 7 and 28 days, 
respectively. During drying, there was a continuous increase in shrinkage and as RH decreased. 
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During re-wetting, shrinkage continued to recover as RH increased. However, a considerable 
portion of the shrinkage was irreversible.  
It is generally acknowledged that no water leaves the interlayer spaces during drying until 
approximately RH<25% is achieved [18]. Therefore, length change due to loss of interlayer water 
was not considered in this study since the lowest RH achieved is 33%. Capillary pressure and 
surface energy theories were applied to interpret the drying shrinkage behavior of the studied 
pastes. Portland cement paste is considered to be viscoelastic material, therefore this volume 
change have both elastic and viscous, i.e. creep, components. The mechanisms for the irreversible 
shrinkage are not clear yet, and plastic microstructural deformations and viscous effects (creep) 
were considered to interpret the irreversible drying shrinkage in this study.  
Generally, extended curing (from 7 to 28 days) increased the total drying shrinkage (drying to 
33% RH) of both the OPC and OPCFA pastes without nanomaterial additions. 30% FA 
replacement did not change the total drying shrinkage of the OPC paste without nanomaterial 
additions cured for 7 days, but noticeably reduced the total drying shrinkage of the OPC paste 
without nanomaterial additions cured for 28 days.  
For OPC pastes cured for 7 days (Figure 5.11a), nanomaterial additions increased drying 
shrinkage during the drying process. The paste with nano-silica addition displayed the largest 
equilibrium shrinkage at each relative humidity level, especially at the RH of 33%. Specifically, 
the addition of nano-silica noticeably increased shrinkage in the RH range of 100-85% and 54-
33%, but slightly decreased shrinkage in the RH range of 85-54%. The addition of nano-limestone 
slightly increased shrinkage in the RH range of 100-85%, slightly decreased shrinkage in the RH 
range of 85-54%, and noticeably increased shrinkage in the RH range of 54-33%. The capillary 
pores (>10nm) are responsible for the shrinkage that occurs above 85%RH. As stated by the 
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Laplace equation, the absolute value of the negative capillary pressure increases with decreasing 
capillary radius. Therefore, the higher shrinkage in the nano-limestone and nano-silica added 
pastes in the RH range of 100-85% might be attributed to the refined capillary pore structures as 
shown in Figure 9a. When the pastes were dried from 85% to 54% RH, large gel pores (4-10 nm) 
began to empty, and capillary stresses should still dominate. Less volume of large gel pores were 
emptied in the OPCNL paste with nano-limestone addition than in the OPC paste without 
nanomaterial as shown in Figure 5.8a, in accordance with the slightly lower shrinkage in the RH 
range of 85-54% in the OPCNL paste. Differently, in the OPCNS paste with nano-silica addition, 
more volume of large gel pores were emptied than in the OPC paste without nanomaterial addition, 
but slightly less shrinkage occurred in the RH range of 85-54%. This may be attributed to the 
increased resistance to deformation of the OPCNS paste. The drying process may cause 
microstructural changes to the cement paste and increase its resistance to deformation. Lastly, 
when the pastes were dried from 54% to 33% RH, capillary pressures still dominate above 45% 
RH. Below 45% RH, capillary pressures could not exist because the liquid/vapor menisci would 
become unstable and surface energy effects should dominate. The higher shrinkage values in the 
nano-limestone and nano-silica added pastes in the RH range of 54-33% than in the OPC paste 
without nanomaterial addition may be attributed to the higher amount of small gel pores in the size 
range of 2-4 nm. When the pastes were rewetted, Figure 5.11a shows that the amount of shrinkage 
of the paste with nano-silica recovered, especially when the paste was re-immersed in lime water, 
leaving the value of its irreversible shrinkage slightly lower than that of OPC paste and the same 
as that of OPCNL paste.  
For OPCFA pastes cured for 7 days, nanomaterial additions increased the total drying shrinkage 
and drying shrinkage in all relative humidity ranges during the drying process. The OPCFANL 
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paste with nano-limestone addition displayed the largest equilibrium shrinkage during the drying 
process, mostly due to the shrinkage occurred in the RH range of 100-85%. The higher shrinkage 
in the nano-limestone and nano-silica added pastes in the RH range of 100-85% might also be 
attributed to the refined capillary pore structures as shown in Figure 9c. The higher shrinkage of 
the nano-limestone added paste than that of the nano-silica added paste in this RH range may 
indicate the stronger resistance of the OPCFANS paste to deformation. Different from what was 
observed in the 7-day OPC pastes, it is noted that nano-limestone and nano-silica addition both 
increased the shrinkage in the RH range of 85-54%. As shown in Figure 5.8a, slightly more volume 
of large gel pores were emptied in the OPCFANL paste with nano-limestone addition than in the 
OPCFA paste without nanomaterial, in accordance with the higher shrinkage in the RH range of 
85-54% in the OPCFANL paste. Similar, significantly more gel pores were emptied in the 
OPCFANS paste with nano-silica addition than in the OPC paste without nanomaterial, in 
accordance with the higher shrinkage in the RH range of 85-54% in the OPCFANS paste. During 
rewetting, most part of the total shrinkage was not recovered until the pastes were re-immersed in 
lime water.  
For the OPC pastes cured for 28 days, the paste with nano-silica addition had noticeably higher 
drying shrinkage than the paste with no nanomaterials, in accordance with its more volume of gel 
pores and refined pore structure (Figures 5.8b and 5.10b). On the other hand, the paste with nano-
limestone addition had noticeably lower drying shrinkage than the paste with no nanomaterials, in 
accordance with its less volume of pores in all size ranges (Figure 5.8b). Besides, the paste with 
nano-limestone addition displayed the lowest irreversible drying shrinkage. For the OPCFA pastes 
cured for 28 days, nano-silica addition noticeably increased the paste shrinkage in the RH range 
of 100-84% and 54-33%. It is noted that the increase in the volume of pores in the size range of 4-
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10 nm did not cause a higher shrinkage in the RH range of 85-54% in the 28-day OPCNS, when 
compared to the 28-days OPC paste. This suggest that drying in this RH range may particularly 
cause the aging of the paste and consequently increase the resistance to deformation of the paste. 
The addition of nano-limestone decreased the paste shrinkage in the RH range of 100-84% and 
increased the paste shrinkage in the RH range of 54-33%. Both nano-limestone and nano-silica 
addition decreased irreversible drying shrinkage. 
5.3.2.2 Reversible and irreversible shrinkage 
Figure 5.13 provides the total, reversible and irreversible shrinkage values of all cementitious 
pastes studied. As indicated in Figure 5.4, the total shrinkage is the maximum shrinkage value 
when a tested sample reached at the RH of 33%. The reversible shrinkage is the linear shrinkage 
recovery and the irreversible shrinkage is the unrecovered shrinkage of the tested sample when it 
was subjected to rewetting and re-saturating to a RH of 100% (saturated surface dry). In the 
discussion, the total drying shrinkage is considered to be composed of three components: 
reversible shrinkage, reversible creep, and irreversible creep. 
It can be observed from Figures 5.13a and b that for the OPC paste without nanomaterial 
additions, the total shrinkage of the 28-day paste increased by 28% when compared with that of 
the corresponding paste cured for 7 days. The increase in the total shrinkage was due to the increase 
in the reversible shrinkage. Interestingly, prolonged curing slightly reduced irreversible drying 
shrinkage. It is noted that the reversible shrinkage of the 28-day OPC paste are much higher than 
their irreversible shrinkage. The same observations could be made for the OPCFA paste without 
nanomaterial additions. These indicate that the shrinkage of the 28-day pastes come largely from 
the reversible creep component, consequently, the formation of C-S-H increase the reversible 
creep.  
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It can also be observed that at 7 days (Figure 5.13a), addition of nano-limestone and nano-silica 
increased the total shrinkage of the OPC paste, especially increased reversible shrinkage at 7 days. 
NL and NS additions slightly reduced irreversible shrinkage. The reversible shrinkage values of 
this group pastes are slightly higher than the irreversible shrinkage values. For the OPCFA pastes 
at 7 days (Figure 5.13c), the shrinkage values of the OPCFA paste with no nanomaterials are 
similar to those of OPC paste with no nanomaterials. Addition of nanomaterials increased the total 
shrinkage of the OPCFA paste, especially increased irreversible shrinkage at 7 days. Therefore, 
different from what is observed from Figure 5.13a, the irreversible shrinkage values of the OPCFA 
pastes with nanomaterial additions are higher than the irreversible shrinkage values of the 
corresponding OPC pastes. The reversible shrinkage values of this group pastes are lower than the 
irreversible shrinkage values. These infers that the C-S-H formed in the early age (7 days) in the 
OPC and OPCFA pastes were different. While the formation of C-S-H in the 7-day OPC paste 
increased the reversible shrinkage, the formation of C-S-H in the 7-day OPCFA paste increased 
the irreversible shrinkage. The C-S-H formed in the 7-day OPCFA paste possess larger potential 
for microstructural deformation. This is in accordance with the obtained BET specific surface area 
result in the previous section. i.e., the addition of nano-limestone and nano-silica increased the 
amount of low-density C-S-H. 
At the age of 28 days (Figure 5.13b), the addition of nano-limestone decreased the total drying 
shrinkage and irreversible drying shrinkage of the OPC paste, and increased the reversible drying 
shrinkage of the OPC paste. As can be seen from Figure 5.7b, the addition of nano-limestone 
reduced the pore volume in all size ranges. Differently, the addition of nano-silica increased the 
total, irreversible, and reversible drying shrinkage of the OPC paste.  
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As can be seen from Figure 5.13d, the addition of nano-limestone and nano-silica decreased 
irreversible drying shrinkage and increased reversible drying shrinkage. The OPCFANL paste with 
nano-limestone addition had a similar total drying shrinkage as compared to the OPCFA paste 
without nanomaterial addition. Differently, the OPCFANS paste with nano-silica addition had a 
large total shrinkage than the OPCFA paste without nanomaterial and the OPCFANL paste with 
nano-limestone addition. 
5.3.2.3 Drying shrinkage and pore size relationships 
The microstructural parameters, including calcium hydroxide content, chemically bound water 
content, and pore structure, and drying shrinkage data of studied pastes collected from this study 
and a previous study [19] were summarized in Table 5.4.  
The shrinkage in each relative humidity range was found to be dependent on the volume of 
pores evaporate in the corresponding RH range and the resistance of the paste to deformation, 
especially at 7 days. Nano-silica more effectively increase the resistance of the paste to 
deformation. Drying in the RH range of 85-54% may particularly cause the aging of the paste and 
consequently increase the resistance to deformation of the paste. 
Linear regression analysis indicates that the volume of 2-4 nm and 4-10 nm pores appeared 
more closely related to reversible shrinkages.  
5.4 Conclusions 
Two nanomaterials (NS and NL) were incorporated into portland cement paste with and without 
30% fly ash replacement as 1% (by weight) addition. Pore structure and shrinkage behavior of 
these pastes under drying and re-saturating at the ages of 7 and 28 days were investigated. The 
following conclusions can be drawn: 
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(1) Additions of the nanomaterials increased the specific surface area and the amount of gel 
pores (2-10 nm) in the early age (7 days) cement pastes. The results indicate that nanomaterial 
additions effectively accelerated early age cement hydration. 
(2) At 28 days, addition of nano-silica continued to increase the specific surface area and the 
amount of gel pores, especially in the fly ash blended paste. However, addition of nano-limestone 
reduced the specific surface area and the total amount of pores (2-100 nm) at 28 days, especially 
in the Portland cement paste.  
(3) Two major volumes of pores were observed in the differential pore size distribution curves 
of pastes without nanoparticles at the age of 7 days: one was in the pore size range of 3-4 nm 
(nano-sized gel pores) and the other in the pore size range of 50-60 nm (relatively large capillary 
pores). The peaks in the pore size range of 50-60 nm all disappeared as 1% nanomaterial was 
added to these pastes, regardless the nanomaterial type and paste composition. This clearly 
evidenced that nanomaterial additions refined pore structures of the early age pastes.  
(4) An additional signature pore peak located around 18 nm was observed in the nano-silica 
modified and 28-days fly ash blended pastes. This peak may be related to the packing of low Ca/Si 
C-S-H. 
(5) Extended curing (from 7 to 28 days) increased the total drying shrinkage of both the OPC 
and OPCFA pastes without nanomaterial additions. 30% FA replacement slightly reduced drying 
shrinkage of the OPC paste without nanomaterial additions cured for 7 days, and noticeably 
reduced the drying shrinkage of the OPC paste without nanomaterial additions cured for 28 days.  
(6) Additions of nano-silica generally increased the total shrinkage of cement pastes. However, 
addition of nano-limestone sometimes reduced drying shrinkage, especially for the later age 
cement pastes.  
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(7) For OPC pastes, reversible shrinkage was the major portion of the total shrinkage, 
especially for the pastes at 28 days. For OPCFA pastes, reversible and irreversible shrinkage was 
close for the paste with no nanomaterials at 7 days, and nanomaterials addition increased 
irreversible shrinkage of the paste. Extended curing from 7 to 28 days significantly increased 
reversible shrinkage of the pastes.  
(8) Nanomaterial additions and extended curing increased reversible drying shrinkage, which 
suggests that the volume of gel (2-10 nm) pores appeared more closely related to reversible 
shrinkages. 
It should be noted that the present study focused on the investigation into the effects of pore 
size distribution on shrinkage of cementitious pastes.  In fact, many other microstructural and 
chemical changes also contribute to irreversible shrinkage of a cement paste, which shall be studied 
further. 
5.5 Acknowledgement 
The authors would like to acknowledge the Oak Ridge Associated Universities (ORAU) - 
Tennessee Valley Authority (TVA), USA, for sponsoring the present study (Grant No. 7-22976).   
5.6 References 
[1] F. Sanchez and K. Sobolev, "Nanotechnology in concrete – A review," Construction and 
Building Materials, vol. 24, pp. 2060-2071, 2010. 
[2] F. H. Wittmann, "On the action of capillary pressure in fresh concrete," Cement and Concrete 
Research, vol. 6, pp. 49-56, 1976. 
[3] P. K. Mehta and P. J. M. Monteiro, Concrete: Microstructure, Properties, and Materials: 
McGraw-Hill Education, 2014. 
[4] J. J. Thomas and H. M. Jennings. (2017, Aug. 19). The Pore System and Classification of 
Pores. Available: http://iti.northwestern.edu/cement/monograph/Monograph7_2.html 
[5] P. Lura, O. M. Jensen, and K. v. Breugel, "Autogenous shrinkage in high-performance cement 
paste: An evaluation of basic mechanism," Cement and Concrete Research, vol. 33, pp. 223-
232, 2003. 
123 
 
[6] J. J. Thomas and H. M. Jennings, "Changes in the size of pores during shrinkage (or 
expansion) of cement paste and concrete," Cement and Concrete Research, vol. 33, pp. 1897-
1900, 2003. 
[7] S. J. Doktycz and K. S. Suslick, "Interparticle Collisions Driven by Ultrasound," Science, vol. 
247, pp. 1067-1069, 1990. 
[8] K. Higashitani, K. Yoshida, N. Tanise, and H. Murata, "Dispersion of coagulated colloids by 
ultrasonication," Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 81, 
pp. 167-175, 1993. 
[9] K. Sato, J. G. Li, H. Kamiya, and T. Ishigaki, "Ultrasonic Dispersion of TiO2 Nanoparticles 
in Aqueous Suspension," Journal of the American Ceramic Society, vol. 91, pp. 2481-2487, 
2008. 
[10] L. E. Copeland and J. C. Hayes, "Determination of non-evaporable water in Portland cement 
pastes," ASTM Bull., vol. 194, pp. 70-74, 1953. 
[11] J. J. Thomas, J. H. Seieh, and H. M. Jennings, "Effect of carbonation on the nitrogen BET 
surface area of hardened Portland cement paste," Advanced Cement Based Materials, vol. 3, 
pp. 76-80, 1996. 
[12] J. Rouquerol, F. Rouquerol, P. Llewellyn, G. Maurin, and K. S. W. Sing, Adsorption by 
Powders and Porous Solids (Second edition): Academic press, 2014. 
[13] F. G. R. Gimblett, K. S. W. Sing, and Z. M. A. (Grande-Bretagne), "Influence of pre-treatment 
on the microstructure of calcium silicate hydrate gels," in 7th International Congress on the 
Chemistry of Cement, Paris, 1980, pp. 225-231. 
[14] H. M. Jennings, J. J. Thomas, J. S. Gevrenov, G. Constantinides, and F.-J. Ulm, "A multi-
technique investigation of the nanoporosity of cement paste," Cement and Concrete Research, 
vol. 37, pp. 329-336, 2007. 
[15] H. Roper, "Dimensional Change and Water Sorption Studies of Cement Paste," presented at 
the Symposium on Structure of Portland Cement Paste and Concrete, Washington, D.C., 1966. 
[16] J. J. Thomas, A. J. Allen, and H. M. Jennings, "Structural Changes to the Calcium–Silicate–
Hydrate Gel Phase of Hydrated Cement with Age, Drying, and Resaturation," Journal of 
American Ceramic Society, vol. 91, pp. 3362–3369, 2008. 
[17] Z. P. Bazˇant and M. Z. Bazant, "Theory of sorption hysteresis in nanoporou ssolids: PartI 
Snap-through instabilities," Journal of the Mechanics and Physics of Solids, vol. 60, pp. 1644–
1659, 2012. 
[18] X. Wang, K. Wang, J. Tanesi, and A. Ardani, "Effects of nanomaterials on the hydration 
kinetics and rheology of portland cement pastes," Advances in Civil Engineering Materials, 
vol. 3, pp. 142-159, 2014. 
[19] M. B. Pinson, E. Masoero, P. A. Bonnaud, H. Manzano, Q. Ji, S. Yip, et al., "Hysteresis from 
Multiscale Porosity: Modeling Water Sorption and Shrinkage in Cement Paste," Phys. Rev. 
Applied, vol. 3, pp. 1-17, 2015. 
  
124 
 
Tables: 
Table 5.1Chemical and physical properties of materials used in this study. 
 
Table 5.2 Mix proportions for cement pastes studied (wt. %). 
Mix ID OPC FA NL NS 
OPC 100 - - - 
OPCNL 100 - 1 - 
OPCNS 100 - - 1 
OPCFA 70 30 - - 
OPCFANL 70 30 1 - 
OPCFANS 70 30 - 1 
 
Table 5.3 Saturated salt solutions used for controlling RH. 
Chemical RH@20℃ RH@25℃ 
MgCl2 33.07±0.18 32.78±0.16 
Mg(NO3)2 55.87±0.27 54.38±0.23 
KCl 85.11±0.29 84.34±0.26 
 
  
Chemical composition 
 
PC FA NL NS 
(wt.%) 
SiO2 20.20 46.00   
Al2O3 4.70 17.80   
Fe2O3 3.30 18.20   
SO3 3.30 2.59   
CaO 62.90 8.40   
MgO 2.70 0.95   
Na2O - 0.59 
CaCO3 > 
97.5% 
SiO2 > 99.5%  
K2O - 2.16  amorphous 
Eq. Na2O 0.54 2.01   
P2O5 - 0.11   
TiO2 - 0.93   
SrO - 0.03   
BaO - 0.05   
LOI 1.10 1.49   
Physical Properties     
Specific gravity 3.15 2.51 2.70 2.30 
Specific surface area (Blain, m2/g) 0.390 0.310 - - 
Particle size (nm) - - 15-40 10-20 
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Table 5.4 Microstructural parameters and drying shrinkage of studied pastes 
 
 
Figures: 
 
 
 
 
Figure 5.2. Schematic representation of D-drying set-up (after [15]).  
Figure 5.1. Diagram illustration of the mixing process. 
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Figure 5.3. Schematic representative of drying apparatus. 
 
 
Figure 5.4. Drying shrinkage test regime. 
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(a) OPC pastes at 7 days                                  (b) OPC pastes at 28-days 
       
(c) OPCFA pastes at 7 days                                  (d) OPCFA pastes at 28-days 
Figure 5.5 The adsorption-desorption isotherm of the studied pastes (N2, 77K). 
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Figure 5.6 The BET specific surface area. 
 
       
(a) 7 days                                                                         (b) 28 days 
 
Figure 5.7. Pore volume distribution in the studied pastes at 7 and 28 days (Adsorption). 
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(a) 7 days                                                                         (b) 28 days 
Figure 5.8. Pore volume distribution in the studied pastes at 7 and 28 days (Desorption). 
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(a) OPC pastes at 7 days                                         (b) OPC pastes at 28 days 
    
(c) OPCFA pastes at 7 days                                           (d) OPCFA pastes at 28 days 
Figure 5.9. BJH differential pore size distribution (Adsorption). 
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(a) OPC pastes at 7 days                                         (b) OPC pastes at 28 days 
      
(c) OPCFA pastes at 7 days                                           (d) OPCFA pastes at 28 days 
Figure 5.10. BJH differential pore size distribution (Desorption). 
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(a) OPC pastes 
 
(b) OPCFA pastes 
Figure 5.11. Shrinkage behavior of pastes at 7 days. 
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(a) OPC pastes 
 
(b) OPCFA pastes 
Figure 5.12. Shrinkage behavior of pastes at 28 days. 
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(a) OPC pastes at 7 days (b) OPC pastes at 28 days 
            
(c) OPCFA pastes at 7 days (d) OPCFA pastes at 28 days 
Figure 5.13. Total, reversible, and irreversible shrinkage of cementitious pastes studied 
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Abstract 
This paper reports on a study of conventional self-consolidating concrete (SCC) incorporating 
40% Class F fly ash (FA) replacement for cement, and semi-flowable self-consolidating concrete 
(SFSCC) incorporating 40% FA and 15% metakaolin (MK) replacement for cement, both with 
and without addition of 1% nano-limestone (nanoLS). Properties of fresh concrete mixtures, such 
as air content, slump flow, and J-ring flow, were tested. Properties of hardened concretes, including 
compressive strength, rapid chloride permeability, freezing-thawing resistance, and free drying 
shrinkage, were also examined. The results indicated that a SCC mixture with 40% FA 
replacement displayed good workability and adequate compressive strength (33 MPa) at 28 days. 
In addition to enhancing strength (especially at early ages) and durability, MK also improved the 
shape-holding ability of SFSCC. Addition of nanoLS further increased concrete strength and 
freezing-thawing resistance and reduced concrete permeability. 
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6.1 Introduction 
Both research and practice have demonstrated that use of fly ash (FA) as a supplementary 
cementitious material (SCM) in concrete not only reduces cost and makes a more environmental 
friendly construction material but also enhances the key properties of the concrete. Because of its 
small, smooth, and spherical shape as well as its pozzolanic property, FA can improve fluidity of 
fresh concrete mixtures for easier and faster placement. FA replacement in concrete reduces the 
heat of cement hydration and the rate of free shrinkage, minimizing the concrete thermal and 
shrinkage cracking. The slowly hydrated FA particles and the pozzolanic reaction products can 
refine concrete pore structure and reduce permeability, leading to FA concrete with increased long-
term strength and durability. In many advanced concrete technologies, such as self-consolidating 
concrete (SCC) in which concrete flows like a liquid and requires no external vibration for 
consolidation, FA has played a vital role in manipulating concrete rheology.  
Recent research on semi-flowable self-consolidating concrete (SFSCC) for slip-form paving 
applications has demonstrated that if properly designed, concrete containing up to 40% FA can 
perform equally well or even better than conventional concrete [1, 2]. SFSCC shall be not only be 
self-consolidating but should also be able to hold its shape immediately after being extruded from 
a slip-form paver [3]. A newly-developed SCC, semi-flowable self-consolidating concrete, could 
be achieved by adopting and modifying the mix proportions of conventional SCC to achieve good 
balance between flowability and shape stability [3]. Clay materials are increasingly being used in 
concrete to modify its thixotropy and improve its shape stability [4, 5]. Metakaolin (MK) is 
manufactured from kaolinite, one of the most abundant natural clay minerals, by calcination at 
moderate temperatures (650-900 °C). This thermal treatment results in dehydroxylation of the 
aluminate octahedral in the layered structure, forming an amorphous or semi-amorphous material 
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with high surface area and high chemical reactivity [6, 7]. Although it requires a higher quantity 
of water for given flowability, MK increases viscosity, yield stress, and thixotrophy of concrete 
mixes, improving concrete shape-holding ability and finishing ability [8, 9]. Studies have also 
demonstrated that MK is a very effective pozzolan and results in enhanced early strength, refined 
pore structure, and improved durability performance [9-11]. 
Nanomaterials, such as nano-silica (nanoSiO2) and nano-limestone (nanoLS), have also been 
increasingly used in FA concrete. Research studies indicate that, if well dispersed, nanomaterials 
can accelerate early cement hydration, further refine micro-pores in concrete, and modify the 
internal structure of C-S-H gel, thereby significantly reducing concrete permeability and 
improving concrete mechanical properties and durability (chemical attack, ASR expansion, 
freezing-thawing resistance, etc.) [12-17]. Several mechanisms have been proposed for these 
effects, including (a) seeding effect – suggesting that nanoparticles can provide a multitude of 
additional sites for nucleation of cement hydration products and growth of new regions of calcium-
silicate-hydration gel (C-S-H), the principal product of cement hydration, (b) filler effect – 
signifying that nanoparticles can function as nanofillers and change pore structure of cement-based 
systems, and (c) additional hydration effect – denoting that nanoparticles can react with 
cementitious materials (i. e., nano-limestone with AFm and AFt phases), giving rise to an increase 
in total volume of hydration products [18-21]. 
While the production of SCC commonly involves use of FA only, use of MK and nanoLS 
together with FA in SCC represents a relatively new approach. The basic concept underlying this 
study is that, when used together, the deficiencies of each material will be compensated for by 
advantages of one or more of the others, and in-common advantages of these three materials will 
be further enhanced, thus developing a new nano-material, modified high volume SCMs concrete 
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with tailored fresh and hardened properties. In the present study, mix proportions of conventional 
SCC and SFSCC were developed using a large volume of FA together with MK and a small 
quantity (1% by wt. of cementitious materials) of nanoLS. The resulting fresh and hardened 
properties (compressive strength, rapid chloride permeability, freezing-thawing resistance and 
free-drying shrinkage) of these concrete mixtures have been evaluated. 
6.2 Materials and test methods 
6.2.1 Materials and mix proportions 
The cementitious materials studied include: a commercial Type I/II portland cement (PC), a 
class F fly ash (FA) with a lime content of 8.40%, and a high-reactivity metakaolin (MK) whose 
physical and chemical properties are presented in Table 6.1. FA had the lowest specific surface 
area of 310 m2/kg, the cement had a surface speciﬁc area of 391 m2/kg, and the speciﬁc area of the 
MK was 13,000 m2/kg. A white nano-sized (15-40 nm) limestone powder (CaCO3% > 97.5) was 
added. Local natural sand and crushed limestone of 25mm maximum size were used as the fine 
and coarse aggregates, respectively. These aggregates had specific gravities of 2.68 and 2.64, 
respectively, and water adsorptions of 0.71% and 1.6%, respectively. The coarse aggregate was 
separated into different-sized fractions and recombined into a specific grading as shown in Figure 
6.1, which also shows the grading of the fine aggregate. A polycarboxylate-based high-range water 
reducer (HRWR) and a synthetic resin-type air-entraining agent (AEA) were used in all concrete 
mixtures. 
Three mixtures were prepared, including one SCC mixture containing 40% FA replacement for 
cement and two other SFSCC mixtures containing 40% FA and 15% MK replacement for cement, 
one with and one without a 1% nanoLS addition (Table 6.2). The total amount of cementitious 
materials (PC+FA+MK) and water-to-cementitious ratio were kept constant at 535 kg/m3 and 0.36, 
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respectively. The amounts of HRWR were varied to obtain the desired slump flow as will be 
described in the next subsection. An air entraining agent was used; the target air content was 7 ± 
1 %.  
6.2.2 Samples and test methods 
When the mixing procedure in accordance with ASTM C192 [22] was completed, tests were 
conducted on the fresh concrete. The ability of SCC mixture to flow was evaluated using the 
inverted slump flow test (Procedure B, ASTM C1611) and the J-ring test [23, 24]. The ability of 
SFSCC mixtures to flow was evaluated using the modified slump test [3], and the slump and spread 
of an unrodded slump test were measured; the slump cone was filled with concrete without rodding, 
similar to Procedure A, ASTM C1611 [23]. The shapes of the SFSCC mixtures were inspected at 
the end of the slump tests to assess the shape-holding ability of the mixtures. The target slump 
flow for the SCC mix was 710 ± 50 mm, the designed slump for the SFSCC mix was 203 ± 25 
mm, and the designed slump spread for SFSCC was 305 ± 25 mm, in accordance with the SFSCC 
mix design criteria [3]. It was found that, to have proper shape-holding ability, the shape of the 
SFSCC after removing the cone from the unrodded slump test should be a symmetric conical shape 
with the slump and spread values mentioned above. These values indicate a uniform distribution 
of mixture through the preservation of symmetric shape and the ability to maintain shape of its 
sides after extrusion from the slipform because it maintains a slump and sufficient flowability 
based on its spread. Entrained air content was determined for each mix. Segregation was also 
visually checked during the slump test. 
Cylindrical and prismatic samples were cast in accordance with ASTM C192 but without either 
compaction or vibration. Specimens were covered by plastic sheets and wet towels to avoid 
moisture loss during the first 24 hours, and then removed from molds and cured in a moist chamber 
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maintained at a relative humidity greater than 95% and at a temperature of 23 ± 2 oC until the time 
of testing. The compressive strength of each concrete mix was determined using three 100 × 200 
mm cylinders in accordance with ASTM C 39 [25] at the ages of 7 and 28 days.  
The drying shrinkage for each mixture was measured using three 75 mm × 75 mm × 285 mm 
prisms in accordance with ASTM C157 [26]. In this test, immediately after samples were removed 
from the molds at the age of 24 hours, they were placed in saturated lime water for 30 min. They 
were then removed from the lime water and initial comparator and weight readings were taken. 
Following this, the specimens were stored in the moist chamber until they reached an age of 28 
days. At the end of the 28-day curing period, the specimens were stored for testing in a drying 
room maintaining a relative humidity of 50 ± 4 % and a temperature of 23 ± 2 oC. 
At 28 days, a  rapid-chloride permeability test (RCPT) of each mix was carried out on two 50 
mm-thick samples cut from 100 mm diameter concrete cylinders in accordance with ASTM C1202 
[27]. Also at 28 days, the resistance of each mixture to repeated cycles of freezing and thawing 
was determined using four 75 mm × 102 mm × 405 mm prisms in accordance with ASTM C 666 
(procedure A) [28]. The deterioration of samples over time was evaluated by measuring change in 
weight and relative dynamic modulus (RDM) of elasticity. The measurements were carried out 
every 30 cycles and terminated either after 300 cycles or when the relative dynamic modulus of 
elasticity reached a value of 60% of the initial modulus. 
6.3 Results and discussion 
6.3.1 Fresh concrete properties 
Table 6.3 lists the results of tests performed on the fresh concrete and Figure 6.2 shows the 
three mixes used in the slump test. Flowability and passing ability of the SCC were evaluated 
based on the results of slump flow and J-ring flow tests. The flowability of SFSCC was evaluated 
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from both slump and slump spread measurements. No visible segregation was observed for any of 
these three mixes, and the SCC mix achieved a slump flow of 692 mm. The difference between 
slump flow and J-ring flow for the SCC mix was less than 25.4 mm, suggesting no visible blocking. 
Two SFSCC mixtures, one with and one without nanoLS, had a slump of 203 mm - 216 mm, a 
slump spread of 305 mm, and a regular cone shape, meeting the SFSCC mix design criteria [3]. 
As mentioned above, dosages of HRWR were varied to obtain the desired slump flow. Addition 
of 1% nanoLS increased the requirement of SFSCC for HRWR by 9%.   
6.3.2 Hardened concrete properties 
6.3.2.1 Compressive strength 
The results of the 7- and 28- day compressive strength tests of the SCC and SFSCC mixtures 
are shown in Figure 6.3; each value is the average from the results for three cylinders. The SCC 
mixture with 40% FA replacement for cement showed a compressive strength of 19.4 MPa at 7 
days and 33 MPa at 28 days, a significant increase (by 68.3%) during this interval that may be 
attributed to the slow pozzolanic reaction of low-calcium FA [29, 30] and the pozzolanic reaction 
between FA and calcium hydroxide (CH) after 7 days [31]. 
With an additional 15% MK replacement for cement, the SFSCC mixture showed an improved 
compressive strength of 24.2 MPa at 7 days, a 24.1% increase from that of the SCC mixture. There 
are three possible mechanisms contributing to this improvement: (1) filler effect. The small MK 
particles support more efficient paste packing, and improvement in particle packing at the 
aggregate/paste interface can result in a thinner transition zone with a denser, more homogeneous 
microstructure; (2) the acceleration of early hydration (mainly during the first day) of PC. The 
small (sub-micron to several microns) particles of MK can act as heterogeneous nucleation sites 
at which calcium silicate hydrate (C-S-H) could precipitate; (3) the pozzolanic reaction of MK 
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with CH. MK has been demonstrated to significantly reduce the CH content of plain 
paste/mortar/concrete at an age as low as 3 days [6, 32, 33]. Previous research has shown that 
cement pastes and concrete (self-consolidating concrete included) containing 5% to 20% MK 
displayed higher compressive strengths than the control samples at all tested ages, from 3 to 90 
days, although the degree to which strength was enhanced declined beyond 14 days [10, 33-37]. 
At an age of 28 days, the compressive strength of SFSCC mixture increased to 36.2 MPa (a 47.1% 
increase from that at 7 days). 
As it can be seen, the difference in compressive strength between SCC and SFSCC mixes 
decreased with time, i.e., the SCC mix developed strength faster in the interval from 7 to 28 days 
compared to the SFSCC mix. There are two possible reasons for this behavior. First, the MK is 
most effective with respect to strength improvement at very early ages, while the degree to which 
strength is enhanced by MK declines at an age greater than about 14 days [6, 32, 38]. Second, the 
lower cement content in SFSCC mix might result in lower CH content available for pozzolanic 
reaction, so the FA in the SFSCC might react to a lesser degree than that in the SCC mix.  
The addition of 1% nanoLS to the SFSCC mix increased the compressive strength by 9.7% at 
7 days and 5.0% at 28 days. This enhancement in compressive strength by nanoLS was also more 
pronounced before 7 days because the nanoLS particles contributed mainly through accelerating 
early cement hydration by providing nucleation sites and achieving an immediate filler effect. 
NanoLS may also contribute to compressive strength through its reaction with the aluminate phase 
that resulted in the higher volume of the hydration products. Added limestone was shown to favor 
the replacement of monosulphate by monocarbonate (C3A•CaCO3•11H2O) and hemicarbonate 
(C3A•0.5CaCO3•12H2O), with a consequence of suppressing the conversion of monosulphate [18, 
39-41]. The stabilization of the voluminous ettringite instead of monosulphate gives rise to an 
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increase in the total volume of hydration products [19-21, 41], and this can result in a lowering of 
porosity and an increase in the compressive strength [41, 42]. 
6.3.2.2 Rapid chloride permeability 
The rapid chloride ion permeability measured after 28 days of curing for all three mixes is 
shown in Figure 6.4. The total charge passed in all three mixes was less than 500 coulombs and 
assessed to be ‘very low’ according to ASTM C1202. Moreover, SFSCC with a total of 55% 
cementitious replacement exhibited 33% lower RCPT value than SCC with 40% cementitious 
replacement. Chlorides usually penetrate into concrete by diffusion along water paths or open 
pores. Resistance to chloride ion penetration is signiﬁcantly improved due to the formation of a 
less porous, denser microstructure and a discontinuous pore system through the filler effect of MK 
and a pozzolanic reaction with CH [43, 44]. Tricalcium aluminate (C3A) also can react with some 
of the chlorides to form stable chlorocomplexes [44, 45]. Several researchers have observed that 
less free chloride is consequently available to initiate the corrosion process [46]. The presence of 
FA and MK led to an increase in the amount of C3A due to the higher amount of alumina (Table 
6.1) and an increase in C-S-H content formed from the pozzolanic reaction. Therefore, the studied 
SCC and SFSCC mixes had a strong chloride-binding capability and consequent low chloride ion 
permeability.  
The addition of 1% nanoLS to the SFSCC mix caused little difference in the RCPT value. 
Although, as discussed previously, the presence of small nanoLS particles can beneficially change 
pore-size distribution and lead to a denser microstructure with lower permeability, the presence of 
calcium carbonate may increase chloride penetration due to a higher level of OH− ions present in 
the pore fluid [47, 48] and a lower chloride-binding capability (calcium carbonate consumes 
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aluminate phase) of the concrete. Further study is needed on the chemistry of the SFSCC both with 
and without using nanoLS. 
6.3.2.3 Rapid freezing-thawing test 
Freezing and thawing tests were evaluated by examining the changes in mass and relative 
dynamic modulus (RDM) of elasticity, with the results presented in Figures 6.5-6.7. Each value 
shown in Figures 6.5 and 6.6 is the average of the results from four prisms.  
During freezing-thawing cycles, weight gain indicates cracking formation and water absorption, 
and the weight loss is caused by surface scaling. As can be seen in Figure 6.5, repeated freeze-
thaw cycles had a larger influence on the weight change of SCC samples. The weight of the SCC 
samples first increased, implying absorption of water due to cracking formation. After 90 cycles, 
the SCC reached a weight gain of 1.08% and started to lose weight, suggesting a considerable 
amount of surface scaling. After 210 cycles, the mass of surfacing scaling exceeded the mass of 
absorbed water and the SCC samples exhibited a net weight loss of up to 1.06% at 300 cycles. 
Figure 6.7 shows the appearance of exposed aggregate as a result of surface scaling of the SCC.  
SFSCC and SFSCC with 1% nanoLS shared a similar shift in weight from increasing to 
decreasing, but occurring at a later time (150 cycles) and on a much smaller scale. SFSCC mixtures 
exhibited a small amount of weight gain throughout the testing period. It can also be seen from 
Figure 6.7 that SFSCC mixtures exhibited a much smaller surface-scaling problem and that the 
additional 15% MK replacement significantly improved the surface appearance of concrete after 
repeated freezing-thawing cycles. A 1% nanoLS addition resulted in little difference in the weight 
change of SFSCC samples (Figure 6.5), and produced less surface damage (Figure 6.7). 
As can be seen in Figure 6.6, there were similar changes in the RDM values of all three of the 
mixes studied. SFSCC without nanoLS exhibited the highest RDM reduction throughout the test, 
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but it still displayed a RDM of 90.3% after 300 cycles. SFSCC with 1% nanoLS addition displayed 
the lowest RDM reduction, and its RDM after 300 cycles was 91.7%. There was a sharp decrease 
in RDM for SCC between 90 and 120 cycles, corresponding to the turning point in weight change 
shown in Figure 6.5 when the weight of SCC began to decrease; this sharp decrease in RDM could 
be caused by surface scaling.   
6.3.2.4 Free-Drying Shrinkage 
The average cumulative mass and length change measured from the three prisms of each 
concrete mix are plotted in Figures 6.8 and 6.9. In general, weight loss and free-drying shrinkage 
of the concrete increased rapidly with time during in the first 14 days of drying and at a lesser rate 
after 28 days.  
There is a considerable distinction in the shrinkage behavior between the SCC and SFSCC 
samples. The weight loss and free-drying shrinkage of SFSCC with and without nanoLS were 
significantly lower than those of SCC; this may be attributed to the effects of MK, since MK 
replacement for cement could alter capillary porosity and pore structure due to filler effect and 
greater volume of hydration products produced by pozzolanic reaction. Addition of 1% nanoLS 
slightly reduced the weight loss and free-drying shrinkage of SFSCC. 
6.4 Conclusions 
This study examined the fresh and hardened properties of self-consolidating concrete 
incorporating 40% of fly ash replacement for cement and semi-flowable self-consolidating 
concrete incorporating 40% of fly ash and 15% metakaolin replacement for cement, both with and 
without addition of 1% nano-limestone. The following conclusions can be drawn: 
1. A SCC mixture with 40% FA replacement displayed good workability and adequate 
compressive strength, i.e., 19.4 MPa at 7 days and 33 MPa at 28 days.  
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2. A SFSCC mixture with 40% FA and 15% MK replacement displayed good flowability and 
shape-holding ability. The replacement of 15% MK for cement also improved compressive 
strength and freezing-thawing resistance, and also reduced chloride penetration and free-
drying shrinkage.  
3. Adding a small quantity (1% by weight of cementitious materials) of nanoLS to the SFSCC 
mix further increased the compressive strength and resistance freezing-thawing at both 7 
and 28 days. It also slightly reduced chloride penetration and free-drying shrinkage of the 
concrete.  
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Tables: 
 
Table 6.1 Chemical composition of cementitious materials (mass %). 
Chemical composition PC FA MK 
SiO2 20.20 46.00 53.00 
Al2O3 4.70 17.80 43.80 
Fe2O3 3.30 18.20 0.43 
SO3 3.30 2.59 0.03 
CaO 62.90 8.40 0.02 
MgO 2.70 0.95 0.03 
Eq. Na2O 0.54 2.01 0.35 
P2O5 - 0.11 - 
TiO2 - 0.93 - 
SrO - 0.03 - 
BaO - 0.05 - 
LOI 1.10 1.49 - 
Physical Properties    
Specific gravity 3.15 2.51 2.56 
Blaine fineness (m2/kg) 391 310 13000 
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Table 6.2 Concrete mixture proportions. 
Concrete Mix w/cm 
PC 
(kg/m3) 
FA 
(kg/m3) 
MK 
(kg/m3) 
nanoLS 
(kg/m3) 
Aggregate (kg/m3) HRWR 
(ml/m3) 
AEA 
(ml/m3) Coarse Fine 
SCC 0.36 321 214 - - 850 784 3584 1070 
SFSCC 0.36 241 214 80 - 850 784 2782 1070 
SFSCC+1% nanoLS 0.36 241 214 80 5.35 850 784 2998 1070 
 
Table 6.3 Fresh Properties of Concrete Mixes. 
 
Slump flow (mm) J-ring flow (mm) Slump (mm) Slump spread 
(mm) 
Air Content 
(%) 
SCC 692 686 - - 6.8 
SFSCC - - 216 305 7.0 
SFSCC+1% nanoLS - - 203 305 6.7 
 
Figures: 
 
Figure 6.1. Gradation curves of coarse and fine aggregate. 
 
         
        (a) SCC                                          (b) SFSCC                         (c) SFSCC + 1% nanoLS 
 
  
Figure 6.2. Slump tests for three mixes. 
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Figure 6.3. Compressive strength development of SCC and SFSCC mixtures. 
 
 
Figure 6.4. RCPT test results at 28 days. 
 
 
Figure 6.5. Weight change (%) of freezing- thawing samples. 
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Figure 6.6. RDM (%) of freezing- thawing samples. 
 
 
Figure 6.7. Appearance of samples after 300 rapid freezing-thawing cycles. 
 
 
Figure 6.8. Weight loss of concrete samples in free-drying shrinkage test. 
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Figure 6.9. Linear length loss of concrete samples in free-drying shrinkage test. 
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CHAPTER 7. GENERAL CONCLUSION 
This dissertation focused on effects of nanomaterials on the hydration and properties of cement-
based materials. The nanomaterials studied include nano-limestone, nano-silica, and nano-clay, 
and the cementitious materials studied are combinations of ordinary portland cement (OPC), fly 
ash (FA) and metakaolin (MK). The basic concept underlying this study is that, when used 
together, the deficiencies of each material will be compensated for by advantages of one or more 
of the others, and in-common advantages of these three materials will be further enhanced.  
The main findings and future perspective are presented below. 
7.1 Main findings 
7.1.1 Effects of nanoparticles on cement hydration kinetics  
Early hydration kinetics (first 24 hrs.) of cement pastes with varying types and amounts of 
nanomaterials addition have been characterized: 
1) The addition of all the three nanomaterials studied had an obvious hydration-accelerating 
effect; the maximum heat flow increased while the time to reach silicate and aluminate reaction 
peaks decreased.  
2) For pastes with nano-limestone and nano-silica addition, the hydration-accelerating effect 
increased with the addition level.  
3) Addition of nano-clay accelerates the consumption of sodium sulphate and the reaction of 
the aluminate phase, resulting in an earlier and more intense aluminate hydration peak. A 0.5% 
nano-clay addition had a greater acceleration effect than did a 1.0% nano-clay addition.  
4) Both initial and final setting happened during the acceleration period and the addition of 
nanomaterials reduced the initial and final set times. The extent to which the set times were reduced 
correlated well with the capability of nanomaterials to accelerate silicate phase hydration.  
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7.1.2 Effects of nanoparticles on the rheology of cement pastes 
Rheology behavior of cement pastes with varying types and amounts of nanomaterials addition 
have been characterized: 
1) Before the acceleration period of hydration (60 min), the viscosity and yield stress of 
cement pastes with 0.5% and 1.0% nano-limestone addition changed little with time, but addition 
of 1.5% nano-limestone decreased viscosity without significantly changing yield stress during this 
period.  
2) Addition of nano-silica gradually increased viscosity of cement pastes. There was a 
significant increase in yield stress with a nano-silica addition level as well as with increased 
hydration time.  
3) The nano-clay studied had a considerable effect on the rheological behavior of cement 
pastes. Significantly higher shear stress was required to initiate the flow.  
4) Non-Binghman (shear stress decreases as the shear rate increases) behavior was observed 
in many mixtures, especially those tested 120 min after mixing. 
7.1.3 Effects of nanoparticles on hydration and microstructure development (1-28 days) 
1) Chemical shrinkage and thermogravimetric analysis (TGA) results indicated that FA 
replacement for cement accelerated cement hydration while having a dilution effect. From 7 to 28 
days, fly ash started to react and consume calcium hydroxide. When 1% nanomaterials were added 
to the cement or cement-fly ash paste, the amounts of both CH-water and H-water increased, 
indicating that the nanomaterials accelerated cement hydration. This acceleration effect resulting 
from nanomaterial additions was more profound for the OPCFA pastes.  
2) For the cement pastes, nanomaterial addition generally increased chemical shrinkage values, 
which confirmed the hydration acceleration effects of nanomaterials. However, for the cement-fly 
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ash paste, only nano-silica addition increased chemical shrinkage of the paste at all ages tested. At 
28 days, the nano-limestone and nano-clay additions actually reduced chemical shrinkage value of 
the pastes. This implied that in these pastes, the permeation of water was inhibited.   
3) XRD and TGA results indicated that a new hydration product, calcium hemicarboaluminate 
hydrate (Hc), was formed in the nanolimestone modified pastes, and this hydration also involved 
consumption of calcium hydroxide. In the presence of fly ash, the reaction between nano-limestone 
and the aluminate phases was amplified at 28 days, probably due to the additional alumina 
provided by the late fly ash reaction. 
4) All nanomaterial additions increased the specific surface area and total volume of pores with 
sizes ranging from 2 nm to 100 nm of the early age cement hydration cementitious pastes (7 days). 
The results indicate that nanomaterial additions effectively accelerated early age cement hydration. 
At 28 days, addition of nano-silica continued to increase the specific surface area and the amount 
of gel pores, especially in the fly ash blended paste. However, addition of nano-limestone reduced 
the specific surface area and the total amount of pores (2-100 nm) at 28 days, especially in the 
portland cement paste.  
5) Two major volumes of pores were observed in the differential pore size distribution curves 
of pastes without nanoparticles at the age of 7 days: one was in the pore size range of 3-4 nm 
(nano-sized gel pores) and the other in the pore size range of 50-60 nm (relatively large capillary 
pores). The peaks in the pore size range of 50-60 nm all disappeared as 1% nanomaterial was 
added to these pastes, regardless the nanomaterial type and paste composition. This clearly 
evidenced that nanomaterial additions refined pore structures of the early age pastes. An additional 
signature pore peak located around 18 nm was observed in the nano-silica modified and 28-days 
fly ash blended pastes. 
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7.1.4 Effects of nanoparticles on strength and durability  
1) Regardless the types of nanomaterials, 1% nanomaterial addition improve the compressive 
strength of both cement and cement-fly ash pastes at all ages studied (up to 28 days). Among three 
nanomaterials studied, NS appeared to be the most effective one in the strength development, 
possibly due to its smallest particle size and highest reactivity.  
2) A SFSCC mixture with 40% FA and 15% MK replacement displayed good flowability and 
shape-holding ability. The replacement of 15% MK for cement also improved compressive 
strength and freezing-thawing resistance, and also reduced chloride penetration and free-drying 
shrinkage. Adding a small quantity (1% by weight of cementitious materials) of nano-limestone 
to the SFSCC mix further increased the compressive strength and resistance freezing-thawing at 
both 7 and 28 days. It also slightly reduced chloride penetration and free-drying shrinkage of the 
concrete. 
3) Additions of nano-silica generally increased the total shrinkage of cement pastes. However, 
addition of nano-limestone sometimes reduced drying shrinkage, especially for the later age 
cement pastes. Nanomaterial additions and extended curing increased reversible drying shrinkage, 
which suggests that the volume of gel (2-10 nm) pores appeared more closely related to reversible 
shrinkages. However, for OPC pastes, reversible shrinkage was the major portion of the total 
shrinkage, especially for the pastes at 28 days. For OPCFAMK pastes, irreversible shrinkage was 
the major portion of the total shrinkage, especially for the pastes at 28 days. For OPCFA pastes, 
reversible and irreversible shrinkage was the same for the paste with no nanomaterials at 7 days, 
and extended curing from 7 to 28 days increased irreversible shrinkage of the paste. Additions of 
nanomaterials primarily increased the irreversible shrinkage at 7 days but extended curing from 7 
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to 28 days typically reduced the difference between irreversible and reversible shrinkage of the 
pastes.  
4) The shrinkage in each relative humidity range was found to be dependent on the volume of 
pores evaporate in the corresponding RH range and the resistance of the paste to deformation, 
especially at 7 days. The volume of gel (2-10) nm pores appeared more closely related to reversible 
shrinkages. That is, as the volume of the pores with sizes of 2-10 nm increased, the irreversible 
shrinkage intensified.   
7.2 Further study 
The long-term goal of this research is to obtain a better understanding of the mechanisms of the 
interactions in a PC – SCM - nanomaterial system and to gain an insight into processing - 
microstructure - property relationships of such systems. 
7.2.1 Dispersion of nanoparticles by ultrasonication and surfactant in cement-based systems 
It is important to obtain well-dispersed, stable nanoparticles in aqueous suspension, especially 
for in-situ use. Moreover, various types of chemical admixtures (such as water reducing agent and 
retarder) are often used during mixing to satisfy different needs regarding the fresh properties of 
concrete mixtures. These chemical admixtures are themselves surfactants which can influence the 
dispersion state of nanoparticles.  
Therefore, it is suggested to investigate the effects of ultrasonication protocols and surfactant 
types on the dispersion quality and stability of nanoparticles in cement-based systems and then to 
quantitatively tied the degree of dispersion to the early-age properties (such as rheology and set 
times) of fly ash–cement-metakaolin pastes. 
To fully characterize properties of a suspension, three levels of investigations are needed: (1) 
investigation of the system at a molecular level, including the examinations of the structure of the 
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solid/liquid interface, namely the structure of the electrical double layer (for charge stabilized 
suspensions), adsorption of dispersing agents, and conformation of the adsorbed layers (e.g., the 
adsorbed layer thickness); (2) investigation of the state of suspension on standing, namely 
flocculation rates, flocculation points with sterically stabilized systems, spontaneity of dispersion 
on dilution, and Ostwald ripening or crystal growth. All these phenomena require accurate 
determination of the particle size distribution as a function of storage time; and (3) Investigation 
of the bulk properties of the suspension, such as the amount and rate of sedimentation.  
7.2.2 Growth of C-S-H on nanoparticle surfaces 
It is generally accepted that C-S-H is forming by a heterogeneous process and that the species 
are available everywhere in the pore solution. Nanoparticles can accelerate cement hydration, 
providing additional nucleation sites for the precipitation and growth of new regions of C-S-H gel. 
Most of the studied used kinetic data such as isothermal calorimetry or consumption of the main 
clinker phases to study the acceleration effect. It will be interesting to gain microscopic 
observations of the amount and morphology development of C-S-H on the surfaces of cement 
grains and nanoparticles. Studies on how the important parameters (such as surface properties, 
chemical composition, and particles size) affect the accelerating effect of nanoparticles will bring 
new insights regarding the nucleation and growth mechanism of C-S-H.  
 
7.2.3 Reduction of drying shrinkage 
The addition of nanomaterials studied generally increased total drying shrinkage of 
cementitious pastes. Two strategies for reducing shrinkage can be proposed: one is to use shrinkage 
reducing admixtures and another is to change the pore size distribution of cement based materials.  
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7.2.4 A complete pore structure analysis by water vapor adsorption 
Properties, including viscous flow, drying shrinkage, and cohesion, are controlled by 
mechanisms that operate at the nanoscale, which includes solid and the smallest pores. The present 
study investigated the pore structure of cement-SCM-nanomaterial pastes by nitrogen adsorption 
in the 2-100 nm range and related the results to the drying shrinkage behavior.  
On the other hand, deterioration of concrete associated with ingress of chemicals from the 
environment are closely related to the permeability and ion transport which are largely controlled 
by the capillary porosity. Pore structure analysis by water vapor adsorption becomes vitally 
important when only a part of the pore system of the adsorbent is accessible to nitrogen, and 
especially when the researcher is interested in the movement of water into and out of the pore 
system and its behavior in the pores. 
7.2.5 Properties of concrete 
The present study focused on the effects of nanoparticles on the properties of cementitious 
pastes. It is implicated that the pore solution chemistry changed in the presence of nanoparticles, 
especially in the presence of supplementary cementitious materials. Further study on the hardened 
properties of cement-based concretes (such as are alkaline-silica reaction, corrosion) are of vital 
importance.  
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APPENDIX A. STATISTICS ON INDEPENDENT SAMPLES 
For thermogravimetric analysis (TGA), compressive strength, and nitrogen adsorption tests, 
two independent samples of the ordinary portland cement (OPC) were studied. Mean and standard 
deviation are calculated. 
 
A-1 TGA, compressive strength, and nitrogen adsorption results of OPC from two 
independent samples  
Time (days) Sample CH (%) H (%) Compressive strength 
(MPa)1 
BET specific surface 
area (m2/g)  
3 OPC-1 16.06 14.98 27.6 - 
3 OPC-2 16.35 15.18 30.0 - 
7 OPC-1 18.47 16.79 32.8 50.58 
7 OPC-2 18.79 16.98 35.1 52.04 
28 OPC-1 21.06 20.23 41.6 68.06 
28 OPC-2 21.44 20.41 45.0 70.01 
 
A-2 CH (%) calculated from thermogravimetric analysis 
Time (days) Number of independent experiments Mean Standard deviation 
3 2 16.20 0.14 
7 2 18.63 0.16 
28 2 21.2 0.19 
 
 
                                                 
1 Average of three replicates from one sample. 
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A-3 H (%) calculated from thermogravimetric analysis 
Time (days) Number of independent experiments Mean Standard deviation 
3 2 15.08 0.10 
7 2 16.89 0.09 
28 2 20.32 0.09 
 
A-4 Compressive strength  
Time (days) Number of independent experiments Mean Standard deviation 
3 2 28.8 1.2 
7 2 33.9 1.1 
28 2 43.3 1.7 
 
A-5 BET specific surface area calculate from nitrogen adsorption 
Time (days) Number of independent experiments Mean Standard deviation 
7 2 51.31 0.73 
28 2 68.03 0.98 
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APPENDIX B. VARIABILITY IN REPLICATES 
To reduce measurement error, replicates were used in this study. The data from isothermal 
calorimetry, chemical shrinkage, and drying shrinkage tests are reported here. 
B-1 Isothermal calorimetry 
For isothermal calorimetry test, two replicates were tested for each mix. The results of ordinary 
portland cement (OPC) paste are shown in Figure B.1. The average absolute difference between 
replicate specimens is 2.5 x 10-5 W/g (cement) for measurements conducted between 1 and 24 hrs. 
For all mixes tested, the average absolute difference between replicate specimens is no more than 
2.5 x 10-5 W/g (cement). The average of the two replicates are reported in the paper.  
 
 
Figure B.0.1. Isothermal calorimetry results of OPC paste on two replicates.  
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B-2 Chemical shrinkage 
For chemical shrinkage test, three replicates were tested for each mix. The results of ordinary 
portland cement (OPC) paste are shown in Figure B.2. The standard deviation is no larger than 
0.13 cm3/100gcement between 7 and 28 days. For all mixes studied, the average standard deviation 
is no larger than 0.20 cm3/100gcement between 7 and 28 days. 
 
  
Figure B.0.2. Chemical shrinkage results of OPC paste on three replicates.  
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B-3 Drying shrinkage 
For drying shrinkage test, three replicates were tested for each mix. The results of ordinary 
portland cement (OPC) paste curing for 7 days are shown in Figure B.3. The standard deviation is 
no larger than 0.01% during the drying and rewetting period. For all mixes studied, the average 
standard deviation is no larger than 0.03% during the drying and rewetting period. 
 
Figure B.0.3. Drying shrinkage results of 7-day cured OPC paste on three replicates with error 
bars. 
